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Preface 


Professor G. M. Brown, IRS 
Director 
British Geological Survey 


It is fitting that this work on the granitoid batholiths 
of Peru and their geological environs should be pub- 
lished as part of the celebration of the 150th anniversary 
of the founding of the first type of national geological 
survey (the British Geological Survey) in 1835. The 
investigation was started in 1965 by Professor W. S. 
Pitcher to determine whether the conclusions of his 
studies with Professor H. H. Read on the emplacement 
and unroofing of the granites in Donegal (Ireland) were 
of more general application. Staff of the British 
Geological Survey and the Geological Service of Peru 
were involved from the outset, joining with academic 
staff and British and Peruvian post-graduate students of 
the University of Liverpool in the mapping of a 
substantial transection of the Coastal Batholith in the 
north of Lima Province. Together with subsequent 
work, this has resulted in the surveying or revision of 50 
quarter-degree quadrangles at a published scale of 
1:100000 and 20 more have been compiled from earlier 
maps with the help of reconnaissance fieldwork. These 
studies are summarized in the maps accompanying this 
volume which portray a granitoid terrain of about 
200000km?. From the start, the project has been 
actively supported by the Instituto Geologico Mineral 
y Metalurgico (INGEMMET) which funded part of the 
fieldwork and provided geologists to assist with the field 
mapping programme. Substantial grants over a 20-year 
period from the Natural Environment Research 
Council and the Overseas Development Adminis- 
tration of the UK are also gratefully acknowledged 
while the award of a Leverhulme Emeritus Research 
Fellowship to Professor Pitcher greatly facilitated the 
editing of this book. 

This research project has been an outstanding exam- 
ple of University-Government Service cooperation, 
involving the University of Liverpool, the British 


Geological Survey and the Geological Service of Peru. 
Concurrently with the mapping and associated struc- 
tural studies led by Dr E. J. Cobbing (BGS) and 
Professor W. S. Pitcher (Liverpool), geochemical and 
mineralogical investigations have been undertaken by 
doctoral students of Liverpool University under the 
guidance of Dr M. P. Atherton. Some of the isotope 
studies described were undertaken by certain of these 
students and postdoctoral fellows, and by trainees from 
Peru using British Geological Survey laboratories and 
under the supervision of BGS staff. In addition, the 
active participation of a research group from the 
University of California, Santa Barbara, has provided 
vital data on the U-Pb systematics. 

The scope of the research has been widened by taking 
account of important parallel studies on the regional 
geology by a team from the French Government 
Agency ORSTOM, on the magmatism in the Eastern 
Cordillera by workers from Queen’s University, 
Ontario, and on certain aspects of the mineralization 
by staff from the University of Nottingham. 

There are many interesting aspects to the studies 
described in this book, including emplacement of the 
plutons, the composite nature of the batholith, and the 
volcanic-plutonic interface, the application of the 
super-unit concept and especially the recognition of 
the separate rock suites in terms of geochemical signa- 
ture, the discovery of segmentation in Andean 
batholiths, and the description of the Andean type of 
plate margin with special reference to magma sources. 
In the nature of research, such a large number of new 
problems have been identified that some remain un- 
solved. However, it is hoped and expected that this book 
will prove a useful summary of the present state of our 
knowledge and a foundation for future studies. 
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Prologue: 
The History of Research 


Wallace S. Pitcher 

Department of Geology 

University of Liverpool 
Liverpool L69 3BX 


United Kingdom 


Preamble 


The Andes provide so dramatic an example of a 
mobile belt that they have attracted the attention of 
numerous geologists, particularly since the understand- 
ing of their important role in concepts of global 
tectonics (Ganser, 1973; Zeil, 1979). They have become 
a type example of a destructive plate margin providing 
a model for the sedimentary, tectonic and magmatic 
processes involved in a Mesozoic subduction regime 
(Dewey and Bird, 1970; Mitchell and Reading, 1969). 
In the event, as this present work will detail, the 
evolution of the Central Andes is not easily accommo- 
dated in a simple model: a long, complex history of 
development is revealed in which deformation and 
magmatism have been concentrated within a single 
mega-lineament throughout the whole of the Phanero- 
zoic. Indeed, more recently, understanding of the 
magnitude of transcurrent movements in the Circum- 
Pacific borderlands has further highlighted the ongoing 
nature of the researches described herein. 

In Peru rapid uplift over the last 15 Ma has led to 
equally rapid erosion and the formation of a deeply 
dissected terrain. Combined with an accident of cli- 
mate the result is exceptional bedrock exposure in three 
dimensions, so that in the coastal desert the rock 
formations of the Mesozoic volcano-plutonic marginal 
arc are laid wholly bare. 


History of research 


A terrain so favourable to research has naturally 
attracted workers from many countries and also pro- 
vided Peruvian scientists with an unrivalled geological 
estate. Of the early researches, the synthesis of Stein- 
mann (1929) is the authoritative work, with notable 
contributions from McLaughlin (1924), Harrison 
(1939-1960) and Jenks (1951), whilst the publication of 
the Mapa Geologico Generalizado del Peri by the Comision 
Carta Geologica Nacional del Pert shows that the basic 
outlines of Peruvian geology had been well-established 
by 1964. 

A more detailed investigation was heralded by the 
initiation in 1960 of a systematic survey, on a 1 : 100 000 
scale, by the Geological Service of Peru 
(INGEMMET). This provided the stimulus for the 
involvement—at a seminal time in geological studies 
the world over—of overseas institutions and individuals 
such as the ORSTOM and CNRS of France, with 
particular reference to the geology of the Eastern 
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Cordillera, and the British Geological Survey Overseas 
Division with its special interest in the Western Cordi- 
llera. Under the auspices of this inter-Government co- 
operation research teams from the Universities of 
Montpellier and Liverpool have completed substantial 
research programmes in close collaboration with 
geologists from the several Peruvian government 
services and in parallel with workers from other uni- 
versities, in particular from Universidad Nacional 
de Ingenieria, Lima, Heidelberg, Queen’s Montreal, 
and Nottingham. 

However, it was the especially close collaboration 
between the British Geological Survey and the Univer- 
sity of Liverpool, in the persons of E. J. Gobbing and 
W.S. Pitcher, that led to this present work with its 
emphasis on the magmatism of the Mesozoic Andes. 
They have been fortunate in the cooperation of M. P. 
Atherton and R. D. Beckinsale, who have provided, 
respectively, the all-important geochemical and 
geochronological support. 

The collection of contributions represented in this 
work should be read in conjunction with two volumes 
dealing with the general geological context of Peru, and 
including the history of research, viz. Géologie des Andes 
Péruviennes (Dalmayrac, Laubacher and Marocco, 
1980) and The Geology of the Western Cordillera of Northern 
Peru (Cobbing et al., 1981). Concerning the Coastal 
Batholith, research previous to 1938 is restricted to 
rather brief references, the most notable of which is that 
of Boit (1926) who draws attention to the remarkable 
pioneer reconnaissance of Raimonde (1873). During 
the stage of regional traverse geology, Douglas (1920, 
1921) recorded the general granodioritic-dioritic char- 
acter of the batholith and the presence of transitions 
into adamellitic variants. It was, however, left to Bearth 
(1938) to be the first to describe the batholith in any real 
petrographical detail, drawing on his observations 
along the Santa Eulalia valley east of Lima. He 
recognized that the three major stages of gabbro, 
granodiorite-tonalite, and granite followed each other 
not only temporally but spatially, and he even recorded 
a west-east migration in the locus of intrusion. By 
careful chemical analysis Bearth established the general 
overall calc-alkaline trend of differentiation, and pro- 
perly compared the chemistry of these Peruvian bathol- 
ithic rocks with those of the Coast Ranges and the Sierra 
Nevada. More recently Boit (1965), drawing on his own 
earlier work, has made a useful petrographical com- 
parison of the Coastal and Cordillera Blanca batholiths, 
contrasting the porphyritic, two-mica granites of the 
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latter with the even-grained dioritic rocks of the former, 
and noting evidence for the deformation of the plutons 
of the Cordillera Blanca and the lack of deformation in 
its coastal counterpart. Jenks (1948) and Jenks and 
Harris (1953) made a start with the regional division of 
the batholith in the south of Peru, but really detailed 
mapping necessarily had to await the provision of aerial 
photographic cover in 1962, when Stewart (1968) and 
Dunin-Borkowski (1970) extended these studies. In the 
work by Jenks the basic units of the Arequipa batholith 
are defined in relation to their relative chronology as a 
fivefold sequence, and a beginning made with dis- 
cussions on magma genesis. 

The present multi-disciplinary research project in- 
volving the British Geological Survey and the Univer- 
sity of Liverpool was properly initiated in 1965, cul- 


minating with the publication of the Memoir referred to 
above, and this present research statement. 


An acknowledgement 


In large part this project has been funded by the 
Natural Environment Research Council, the 
Ministry of Overseas Development, and the University 
of Liverpool, with substantial assistance in kind from 
the Geological Service of Peru. Furthermore a grant 
from the Leverhulme Trust Fund greatly assisted W. S. 
Pitcher with the editorial work involved. For much 
valuable help special thanks are due to William Taylor, 
Howard Mullan, John Myers, Ciro Hudson and the 
late Peter Scott. 


SECTION I 
The Andean Context 


The tectonic setting of the Peruvian Andes 


Edwin John Cobbing 
British Geological Survey 
Keyworth 
Nottingham NG12 5GG 
United Kingdom 


The Andes provide a seemingly simple example of orogenesis at a destructive plate margin. In reality these cordilleras 
comprise an old and complex belt built from many geological strands along the original edge of the supercontinent of Pangea. 
Within this continental lip successive phases of deformation, each of different style and igneous association, have been 
recorded from the Lower Palaeozoic until the Recent. In what follows an overview is provided of this long evolutionary history 
with special reference to the probable plate-tectonic configuration of the crust established during Mesozoic times. 


The regional context 


The Andes, at 9000km long, is the longest, and 
morphologically the best outlined, mountain chain of 
our globe (Gansser, 1973). Geologists have always 
perceived that this long, thin belt of high mountains, at 
the margin of the South American continent and facing 
on to the world’s largest ocean, must contain critical 
evidence for the formation of orogenic belts and moun- 
tain building. This perception was realized in its most 
dramatic form when the early ideas of plate tectonics 
were developed with the ‘Andean type’ of plate margin 
as one of the corner stones of the concept (Isacks et al., 
1968; Le Pichon, 1968; Mitchell and Reading, 1969; 
Dewey and Bird, 1970). Since that time of rapid 
synthesis, a great deal of geological work, both onshore 
and offshore, has revealed that the Andes, while indeed 
supporting many of the basic precepts advanced by 
these authors, is an old and complex belt, built up from 
many geological strands, all of which, interactively 
relating to one another, have produced the chain as we 
see it today (Gansser, 1973). 

A glance at the reconstruction of Pangaea, Figure 1.1, 
(Smith and Hallam, 1970), shows the Andes to be on 
the outer rim of Gondwanaland, forming only a part of 
a vast orogenic belt marginal to the whole of that 
supercontinent, the Samfrau orogenic belt of Du Toit 
(1937). On the same reconstruction the Andes are 
shown as being broadly aligned with, but separate from, 
the cordilleran chain of western North America, a 
region with which it also has some geological affinities, 
as, for example, in the occurrence of granitoid ba- 
tholiths of Mesozoic age. 

Turning first to the Gondwanaland dimension, large 
areas of the Andes are made up of late Proterozoic to 
late Palaeozoic terrains which are equivalent in age to 
elements of the Samfrau geosyncline elsewhere in 
Antarctica, Africa and Australia. No detailed geologi- 
cal comparisons between the different segments of this 
belt have been made, but it must be significant that this 
extensive continental margin was geologically active 
during that long period, active moreover in a tectonic 


regime which resulted in very different geological 
products from the ensuing Mesozoic orogeny. The 
‘older Andes’ is comprised of mainly clastic sedimentary 
sequences which have been regionally metamorphosed 
and which have various phases of granitic activity 
associated with them. From Ecuador through Peru into 
N. Chile this clastic flysch sequence (Mégard et al., 
1971; this volume) is generally contained within the 
original continental margin, but in central and sou- 
thern Chile a subduction regime has been inferred from 
the recognition of paired metamorphic belts (Gonzalez- 
Bonorino and Aguirre, 1970) which lay at the very 
border of the continental margin. 

Although the precise degree of unity and the exact 
tectonic setting of this older fold belt remain undefined 


U.PC,L.Pal,U.Pal 


Figure 1.1 A reconstruction of Pangaea. 1. Regions of Mesozoic 
suspect terrains in N. America (from Coney ef al., 1980), and S. 
America (this paper). 2. Mesozoic integral terrains (after Gansser 
1973), and see this paper. U.PC.—Upper Precambrian, L. 
Pal.—Lower Palaeozoic, U. Pal.—Upper Palaeozoic. Fold belts 
marginal to Gondwanaland from Smith and Hallam (1970) and 
Gansser (1973). 
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it is important for any study of the Andes to appreciate 
that it formed the framework upon which the ensuing 
Mesozoic mobile belt was built. 


The question of exotic or suspect terrains 


The recent development of the concept of suspect 
terrains has been of great value in interpreting the 
geology of western North America, and it cannot be 
better explained than by quoting a passage from Coney 
et al. (1980). 


Once the Palaeozoic miogeocline is identified in the geology 
of western North America all geological terrains outside it 
are inherently suspect, in that their palaeotectonic setting 
with respect to North America is uncertain. The reason is 
based on a simple plate tectonic concept. During most of 
latest Precambrian through early Palaeozoic time the 
western margin of North America was a passive continental 
margin across which was draped a growing miogeoclinal 
terrace. This region changed in latest Triassic time and 
since then the margins of the Pacific Ocean have been 
convergent. Subduction related to convergence consumed 
all of the vast Palaeozoic Pacific Ocean and it follows that 
all Palaeozoic terrains now found outside the edge of the 
original Palaeozoic passive continental margin must have 
somehow accreted against that margin during Mesozoic- 

Cenozoic time, and are suspect. 

A total of forty-one suspect terrains has been identified 
in the North American Cordilleran region (Coney et al., 
1980) each of which is stratigraphically, structurally 
and palaeontologically distinct from its neighbours. In 
view of the similarities between the cordilleras of 
north and south America already noted, the question 
has to be asked whether these concepts are applicable to 
the Andes. 

It has already been suggested by Nur and Ben 
Avraham (1977, 1983) that they are applicable and 
that the accreting mini-plates provided the essential 
means for deformation in the Andes which oceanic 
subduction could not achieve by itself. This interpre- 
tation thus questions the whole concept of continent- 
ocean convergence of which the Andes was formerly 
regarded as the type example (Mitchell and Reading, 
1969). There is however, general agreement among 
Andean workers that the Mesozoic sedimentary and 
volcanic sequences are stratigraphically, faunally and 
structurally coherent (Dalziel, in press; Jordan e al., 
1983; Loughman and Hallam, 1982; Cobbing et al., 
1981) and that the continental margin is of an integral 
character essentially distinct from the accreted margin 
of North America. The only major exception to this is in 
the Northern Andes where the Pifion basalts of Ecuador 
and the Diabase Formation of the Western Cordillera of 
Colombia are considered to have accreted to the 
continent from an oceanic domain along the line of the 
Guayaquil-Romeral fault (Millward, pers. comm. ; 
Evans, pers. comm.) It has also been suggested by 
Dalziel (in press) that certain fusulinid limestones in the 
Palaeozoic accretionary fore-arc wedge of southern 
Chile, represent the cappings of accreted seamounts; he 
has, however, persuasively argued that the bulk of the 
Andean chain is of an essentially integral character. 

Although, as we shall see, the Mesozoic magmatism 


provides a link between the two American continents 
there is a contrast of context—integral as opposed to 
suspect terrains in the Mesozoic, and active as opposed 
to passive continental margins in the Palaeozoic. 

If this finding with respect to the integral nature of 
the Andean continental margin is correct, it follows that 
the Andes was a relatively simple continent-ocean 
convergent plate margin from the Triassic onwards, 
and was certainly much simpler than North America. 
Consequently it is possible to develop models for 
geological processes in this tectonic setting which will 
have an applicability far beyond the setting itself, and 
also back into geological time for such instances where 
the same tectonic setting can be inferred. It will be the 
purpose of this book to provide models for some of these 
processes, more particularly with respect to granitoid 
plutonism; initially however it will be necessary to give 
a brief but comprehensive overall review of the develop- 
ment of the Central Andes in Peru. In this review the 
question of displaced or exotic terrains will be con- 
sidered in more detail as each tectonic element is 
discussed. 


The tectonic elements 


The Peruvian Andes is divided into two belts (see 
Figure 1.2), the eastern and western Cordilleras of 
Palaeozoic and Mesozoic age respectively. In the 
southern and central regions they are separated by an 
intermontane high plateau region, part of which, in 
southern Peru, is the Altiplano, a basin of inland 
drainage. The mountain chain is flanked to the east by 
Mesozoic and Tertiary sedimentary basins which rest 
upon crystalline basement rocks of the Brazilian Shield, 


WESTERN CORDILLERA 


Mesozoic Sediments 
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Mesozoic Volcanics 
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[] Proterozoic Schists 
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Figure 1.2.) The major tectonic elements of the Central Andes in 
Peru and Bolivia. 


while to the west crystalline basement rocks outcrop in 
coastal areas in the north and in the south west. 


The Arequipa Massif and other areas 
of crystalline basement: lack of evidence 
of displaced terrains 


The Arequipa Massif extends inland as visible out- 
crop for up to 130 km exposed as faulted inliers showing 
through the Palaeozoic, Mesozoic, Tertiary and 
Quaternary cover. It has also been detected in a 
borehole beneath the Altiplano about 200 km from the 
coast (Lehmann, 1978) and is thus an important 
tectonic element in southern Peru since it floors the 
entire country in that Sector. The Massif is con- 
tinuously connected offshore via a structure designated 
the ‘Outer Shelf High’ (Thornburg and Kulm, 1981) to 
crystalline rocks in the Bayovar region of the Amotape 
Hills of northern Peru (Caldas, 1979). Crystalline 
metamorphic rocks have been recovered from offshore 
drillholes on this structure and in the offshore island of 
Hormigas (see Figure 1.2) (Kulm e al., 1981). 
There is therefore good reason to suppose that this 
crystalline basement is an essential element of the 
Andean structure. Reconnaissance geochronological 
studies on the massif have given ages which range from 
2000 Ma to about 600Ma (Cobbing e¢al., 1977; 
Dalmyrac et al., 1977; Shackleton et al., 1979), and 
these authors have suggested that the 2000 Ma date 
may be correlated with the Trans-Amazonian event of 
the Brazilian Shield. Certain other nuclei of high-grade 
gneiss, identified in the Eastern Cordillera, have iso- 
topic ages ranging from 1140 Ma to 600 Ma and have 
been interpreted as suggesting that the Eastern 
Cordillera is also floored by crystalline basement 
(Dalmayrac et al., 1980). 

The ages of these disparate and separated areas of 
crystalline material are all compatible with ages known 
from the metamorphic rocks of the Brazilian Shield, 
which is also the nearest known region of crystalline 
basement. However, the fact that they are separated 
from the shield by all, or part of, the Andean mountain 
chain (see Figure 1.3), has suggested to some workers 
that they are remnants of a disrupted shield area which 
has been carried across the Pacific Ocean and in- 
corporated into the Andes as exotic terrains (Nur and 
Ben Avraham, 1977). According to these authors the 
Arequipa Massif impinged upon the Andean margin at 
about 65 Ma having begun its journey across the Pacific 
at about 225 Ma by the break-up of the lost continent, 
‘Pacifica’, formerly part of Gondwanaland to the north- 
east of Australia. It has however been shown by Bellido 
and Narvaez (1960), Mendivil and Castillo (1960) and 
Cobbing and Pitcher (1972) that the massif is uncon- 
formably overlain by strata of Devonian, Mississippian, 
Pennsylvanian, Permian, ‘Triassic, Jurassic and 
Cretaceous age which are stratigraphically and fau- 
nally indistinguishable from the same Formations 
throughout the Andes. It can consequently be asserted 
that the Arequipa Massif was in place as far back as the 
Devonian and_ indirect — stratigraphic — evidence 
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Figure 1.3 Approximate isopachytes for Ordovician strata in Peru 
and Bolivia, after Dalmayrac et al. (1980). Arrows indicate direction 
of supply of detritus. 


(Cobbing, in press) suggests that the massif was in place 
from the earliest Ordovician onward. The palaco- 
magnetic evidence of Shackleton etal. (1979) also 
‘supports the view that the Arequipa Massif is not 
allocthonous but is an integral part of the American 
plate’. Thus the evidence at present available does not 
support the concept of an exotic terrain for the massif. 
The alternative hypothesis advanced here and else- 
where (Cobbing ef al., 1977; Cobbing e¢ al., 1981; 
Dalmayrac et al., 1980; Dalziel, in press) is that the 
Arequipa Massif and other fragments of crystalline 
basement represent portions of the ancient margin of 
Gondwanaland progressively reworked by geological 
activity in the Andean region throughout the Phanero- 
zoic and which, by their persistence as stable blocks, as 
in the case of the Arequipa Massif, decisively influenced 
the morphology and geological development of the 
region. 


The Eastern Cordillera 


This is a composite and complex belt which can 
nevertheless be represented as a unified region. The 
northern part of the belt comprises medium- to high- 
grade metamorphic rocks; the Maranon Complex 
(Wilson et al., 1976), produced by the regional meta- 
morphism of pelitic and arenaceous sediments with 
subordinate volcanics (Dalmayrac et al., 1980; Mégard 
et al., this volume) deposited in a basin elongated along 
the main Andean trend but contained within the 
continental margin. Regional metamorphism at about 
600 Ma has been documented by Dalmayrac et al. 
(1980) who also recognized inliers of granulite grade 
rocks of similar age. The southern part of the belt is 
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mainly made up of pelitic and arenaceous sediments of 
Lower Ordovician to Middle Devonian age which were 
deposited in a curvilinear trough stretching from 
Central Peru through Bolivia to northern Argentina 
and ending in the Pampean ranges of that country. The 
basin had a deep-water axial zone, with shallower 
marginal areas to the north east and south-west 
(Dalmayrac et al., 1980) (Figure 1.3), and it has been 
demonstrated that the source regions for these sedi- 
ments lay both to the north-east, the Brazilian shield, 
and the south-west, the Arequipa Massif (Berry and 
Boucot, 1972; Isaacson, 1975; Dalmayrac et al., 1980). 
Consequently it is clear that this part of the Eastern 
Cordillera was contained within these cratonic ele- 
ments at the time of its formation. 

These sedimentary rocks were folded during Upper 
Devonian to Lower Mississippian times and a con- 
tinental to marine shelf facies domain extended over 
the whole region throughout the Mississippian, 
Pennsylvanian and Lower Permian. Folding of this 
shelf sequence took place in the Middle Permian and 
was followed in the Upper Permian and Lower Triassic 
by two episodes which unified and gave structural 
coherence to the whole of the Eastern Cordillera and 
which, while distinctively concluding that cycle, at the 
same time presaged the initiation of the following, truly 
Andean cycle. 

In the first of these episodes, the development of a 
post-tectonic molasse sequence, the Mitu Group, con- 
tinental deposits were laid down in a series of elongate 
troughs which were formed along the entire length of 
the belt within a strongly developed system of horsts 
and grabens. A predominantly acid vulcanicity was 
generated in the same zone and contributed to the basin 
fill, which consequently consisted of highly variable 
proportions of continental clastics, volcanics and 
volcaniclastics. It is a matter of debate whether this rift- 
associated vulcanicity is the dying phase of the 
Palaeozoic cycle or the initial phase of the Andean. The 
second episode was the emplacement of large granite 
plutons along the length of the chain (see Kontak, this 
volume) and it is with the emplacement of these plutons 
that activity in this belt was finally brought to a close. 
Here it will be said only that these granites contrast with 
the later Andean granites in that true granites pre- 
dominate and granodiorite or tonalite plutons are rare 
(Pitcher and Cobbing, this volume). 


The Western Cordillera: the Andean 
plate margin proper 


Formation of the West Peruvian Trough 


Following the completion of the Palaeozoic orogenic 
cycle a new cycle was established immediately to the 
west and a complex depositional structure, which in 
Peru was named the West Peruvian Trough (Wilson, 
1963), was formed. It has been suggested by Dalziel (in 
press) that this was but one of a series of grossly related 
depositional basins which developed simultaneously 
behind a continental margin volcanic arc along the 
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entire length of the Andean Cordillera following the 
initiation of the subduction-related continent-ocean 
convergence regime for which the Andes remains the 
type example. In Peru this trough developed under an 
extensional regime producing horst and graben struc- 
tures in the upper crust similar to, but on a larger scale 
than, the immediately preceding Permian molasse 
episode. Deep-reaching crustal faults divided the 
trough into strips of low and high relief which, accept- 
ing volcanic material from the marginal volcanic arc, 
and sedimentary material from the continental hinter- 
land, developed a sedimentary-volcanic polarity cor- 
responding to the miogeosynclinal-eugeosynclinal cou- 
ple of classical geology (Cobbing, 1978). These deposits, 
accumulating in the block-faulted grabens and spilling 
over the intervening horsts, developed into a series of 
stratigraphically interconnected basins (see Figure 1.4) 
each of which grew independently, the more easterly 
being entirely of sediments, continental derived, the 
more westerly largely of submarine flows, hyaloclastics 
and volcaniclastic sediments. Each basin had the 
potential to form, fill and deform independently, as 
indeed happened (Cobbing, 1978). Thus although the 
system as a whole was interconnected, with some 
stratigraphic and faunal units being common to the 
whole region, each basin had its own stratigraphic 
assemblage with rapid facies changes over the interven- 
ing highs between the different assemblages in adjacent 
basins. It is of great interest that a new palaeo- 
geographic interpretation for the region during the 
Upper Triassic and Lower Jurassic (Loughman and 
Hallam, 1982) suggests that immediately prior to the 
development of the volcanic arc, the region was one of 
carbonate deposition on a tectonically quiescent con- 
tinental margin with unrestricted access to the palaeo- 
Pacific Ocean. It should however be noted that deposits 
of this kind are present only in the northern and 
southern parts of the West Peruvian Trough. In most 
parts of the trough the oldest rocks revealed are Lower 
Cretaceous or Upper Jurassic and these have no visible 
floor. 

The earliest volcanic deposits are of Triassic age from 
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Figure 1.4 Internal structure of the West Peruvian Trough and its 
subdivision into depositional basins, from Cobbing (1978). 


northern Peru. In central Peru the earliest records are of 
Lower Cretaceous age with the main volcanic episode 
over the whole region being of Albian age. Deposits in 
the sedimentary basins range from Upper Jurassic to 
Upper Cretaceous in age and in general consist of a 
clastic shale-quartzite sequence grading west into a 
volcaniclastic flyschoid sequence for the Upper Jurassic 
and Lower Cretaceous and a carbonate sequence for the 
Upper Cretaceous. An exception to this general scheme 
is the Berriasian-Aptian clastic-carbonate sequence 
developed below the Albian volcanics in the Canete 
basin and in the Lima region (Cobbing, 1978)—see 
Figure 1.5, This sequence, the Piso Lima of Rivera et al. 
(1975) and stratigraphically equivalent strata through- 
out the west Peruvian Trough, contains a provincial 
fauna, whereas underlying Berriasian and overlying 
Albian formations contain Tethyan faunas (Rivera 
et al., 1975). 

The basins of the West Peruvian Trough are con- 
tained within metamorphic rocks of the continental 
crust. To the east they are bounded by the low- to high- 
grade metasediments of the Eastern Cordillera and to 
the west they are confined by the metasedimentary 
rocks of the underwater continuation of the Coastal 
Cordillera as already noted above. Northwards they are 
bounded by the Palaeozoic and Precambrian metasedi- 
ments of the Amotape hills and the Huancabamba 
Deflection, while southwards, where they encroach on 
to the crystalline rocks of the Arequipa Massif, the 
basins lose their individual identity and merge into a 
cover of variable, but in general modest, thickness 
which nevertheless exhibits the same polarity, albeit less 
well-defined, from an eastern clastic sedimentary facies 
to a western volcanic sequence as that seen further 
north. 

Within the domain of the West Peruvian Trough (see 
Figure 1.4) the predominantly volcanic basins of 
Huarmey and Cafiete (Cobbing, 1978) occupy a rather 
special place. They are the repositories of up to 9000 m 
of basaltic, andesitic, and less commonly dacitic de- 
posits largely produced by submarine volcanism and 
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activity in the volcanic arc, and for which no visible 
base can be seen. They are moreover the envelope for 
the most voluminous development of the subsequent 
Upper Cretaceous granitoid batholith which was em- 
placed in these basins in an approximately axial 
position, an association which suggests that the later 
batholith may be structurally linked to them. 

A major new insight into the development of these 
basins has resulted from the offshore investigations of 
the Nazca Plate (see Figure 2.6, this volume) by 
Oregon State University (Kulm e al. 1981) and more 
particularly by the gravity studies of Couch et al. (1981) 
which have subsequently been elaborated upon by 
Atherton e/ al. (1983). The essential feature of this work 
is the identification of an arch-like structure along the 
axis of these basins with a density of 3.00 Mg/m? and a 
seismic velocity of 6.66km/sec. (Jones, 1981; Couch 
et al., 1981) which these authors have interpreted as 
consisting of basic rock. The gravity profiles also 
provide a clear picture of a continental crust fracturing 
to accommodate a basic influx from below, but which, 
further south at Pisco, was more complete and even 
farther south at Mollendo, and underlying the 
Arequipa Massif, was complete and unbroken 
(Atherton ef al., 1983). 

This apparent thinning of the continental crust is 
compatible with the extensional model formerly pro- 
posed (Cobbing, 1978). It does however imply that the 
extensional tectonics were more important than pre- 
viously considered and that the crust did actually 
rupture permitting basic material to enter from below 
possibly in the form of intense dyking and sheeting. This 
model evidently has much in common with the develop- 
ment of marginal basins elsewhere (Dalziel, 1981) and 
also with the concept of ensialic spreading-subsidence 
advanced by Levi and Aguirre (1981) for the volcanic 
basins of Central Chile: as a feature of the Andean plate 
margin it is clearly of major importance. Nevertheless it 
needs to be stressed that over most of the Central Andes 
from Mollendo to Copiapo (Couch et al., 1981) it is the 
unified continental crust structure which prevails with 
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Figure 1.5 Schematic outline of stratigraphic relationships and 
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no sub-crustal basic arch. Over this region too, volcanic 
arc-type deposits and granitoid batholiths are volu- 
minously developed so that the presence of the basic 
arch is not a necessary prerequisite for these character- 
istically ‘Andean’ products. It is a matter of regret that 
no gravity profile is available for the Magellanes basin 
of southern Chile for which a marginal basin structure 
has been proposed (Dalziel et al., 1974). Dalziel (in 
press) has suggested that a composite extensional back 
arc volcanic basin extended along the whole of the 
Pacific margin of South America south of the Huan- 
cabamba Deflection and that the basins formed as the 
result of the interaction of the two processes of 
continent-ocean convergence and basement control 
reflecting older zones of weakness in the lithosphere. He 
has suggested that it is the basement control factor 
which influenced Aubouin (1972) to emphasize the 
contrast between the ‘liminal’ basin of the Central 
Andes and the ‘geosynclinal’ Magellanes basin of the 
Southern Andes. Dalziel (in press) has, by contrast, 
unified these basins into a single but complex back-arc 
basin of continental dimensions. It may be that within 
such a framework the basins of Huarmey and Cajfiete 
could find an analogue with the Magellanes basin of the 
Southern Andes. 


The magmatic products 


The volcanic and plutonic elements of the Andes can 
be divided into two separate and to some extent 
contrasted episodes, before and after the main Incaic 
(Upper Cretaceous-Palaeocene) deformation and uplift 
of the region (see Figure 9.4). The volcanic deposits of 
the Huarmey and Cajete basins were deformed by mid- 
Cretaceous folding which was overlapped by the em- 
placement of a chain of great gabbro bodies and was 
followed in turn by emplacement of the granitoids of the 
Coastal Batholith in the axial zone (Maps | and 2). 

The volcanic and plutonic elements are closely 
related geographically and structurally, the medial line 
of the Huarmey and Cajfiete basins providing the main 
route of ingress for the plutonic bodies both basic and 
silicic. It will be recalled that this line was the locus of 
the earlier subcrustal basic magmatic arch which, in 
view of the possible importance of igneous underplating 
(Cobbing and Pitcher, 1983) is an important element in 
modelling the plutonic process. The batholith, how- 
ever, is actually post-tectonic in relation to the main 
fold phase of the eugeosynclinal volcanic belt; thus the 
plutonic-volcanic relationship is an indirect one. 

The Incaic orogeny provides a well-defined break 
between two contrasted types of magmatic activity: 
that represented by the submarine vulcanicity of the 
marginal basin and that represented by the subaerial 
vulcanicity of the unconformable cover. The 
miogeosynclinal and eugeosynclinal elements of the 
former West Peruvian Trough, which up to this time 
had undergone independent depositional and defor- 
mation histories, were now deformed to various degrees 
and welded together into a unified region and uplifted. 
An erosion surface was cut across all earlier structures 


including the Cretaceous plutons of the Coastal 
Batholith, and a great pile of andesitic to dacitic plateau 
volcanics was laid down upon it. Block faulting of this 
surface ensured that different thicknesses for the se- 
quence were deposited in different areas. Although 
thicknesses of up to 3000 metres have been measured 
locally, an average is of the order of 1000—2000 metres. 
The axis of this volcanic pile was established well to the 
east of the Cretaceous magmatic zone (see Figure 9.4) 
and lies over the miogeosynclinal region. 

A broad belt of generally small, rather scattered 
plutons of chiefly tonalitic or granodioritic composition 
is developed in a zone which is approximately equiva- 
lent to that of these plateau volcanics, but stretches 
beyond it to the west as far as the eastern margin of the 
Coastal Batholith, and to the east beyond the confines of 
the West Peruvian Trough on to the local foreland of 
the Eastern Cordillera (Figure 1.6, 9.4, and see Pitcher 
and Cobbing, this volume). 
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Figure 1.6 Distribution of (a) Jurassic and Cretaceous marine 
volcanics (b) Tertiary plateau volcanics (c) Cretaceous and Tertiary 
intrusives. 


The pre- and post-Incaic volcanic sequences are 
contrasted both in terms of their depositional environ- 
ment and their composition. The earlier Jurassic- 
Cretaceous sequence was deposited in a marine en- 
vironment and is of primitive basaltic and andesitic 
composition, whereas later Tertiary plateau volcanics 
were deposited sub-aerially and are markedly more 
silicic (Atherton and Warden, this volume). There is 
less contrast in the composition of the plutonic products. 
Tonalites and  granodiorites predominate but 
monzogranites occur in both sequences, as also do 
diorites. Gabbros are virtually confined to the earlier 
Cretaceous sequence. The greatest contrast is in their 
structural form: whereas the Coastal Batholith is a 
linear array of closely aggregated plutons, the Tertiary 
plutons are dispersed as discrete, mainly separated, 
small plutons over a very wide belt. 


Deformation within the West Peruvian belt 


Timing of deformation. Within the Huarmey and 
Cafiete basins strata containing fossils of Albian age 
were folded and subsequently cut by plutons which 
have given an age of c.100Ma (Wilson, 1975; 
Beckinsale, this volume) ; the folding is therefore of mid- 
Cretaceous age. This deformational episode, previously 
referred to as the Sub-Hercynian (Dalmayrac ei al., 
1980; Cobbing e a/., 1981), is now referred to as the 
Mochica phase (Mégard, in press). Deformation of this 
age is present throughout the Andes, and according to 
Dalziel (in press) occurred at almost exactly the same 
time from the West Peruvian Trough to the Magellanes 
basin. It is of even greater interest, however, to note that 
folding in the eastern sedimentary basins of the trough 
was delayed until the Palaeocene, long after the em- 
placement of the major units of the Coastal Batholith 
(see Figure 1.7). 

It would seem that the eastern sedimentary basins 
retained their independence and coherence, and indeed 
continued to receive sediments at the same time that 
the granitoid plutons were being emplaced in the 
already folded volcanic basins immediately adjacent. 
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The basins of the trough, though linked from their 
inception, retained the capacity to grow, develop and 
deform independently. 

Subsequent mid-Tertiary deformation produced mo- 
derate to strong concentric folding in the plateau 
volcanics and resulted in tightening of the earlier co- 
axial Incaic folds in the underlying sedimentary rocks. 
The eugeosynclinal region was buttressed by the 
Coastal Batholith and the sub-crustal basic arch from 
the more obvious effects of this deformation episode, 
responding only by resurgent movement upon trans- 
verse wrench faults. 


Styles of deformation. The styles of deformation are 
very much controlled by the ductility of the rocks 
affected; fold styles are much more open in the com- 
petent volcanics than in the more incompetent sedi- 
ments where long, narrow, ribbon-like concentric folds 
developed, commonly with high angle faults along the 
limbs. In Peru there is little sign of a regional pervasive 
strain for although intense penetrative fabrics are 
locally developed these are usually confined to fold 
hinges and belts of faulting. In the sedimentary basins 
décollement tectonics prevail with sedimentary packets 
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Figure 1.7 Cartoon to illustrate depositional and structural evolu- 
tion within the West Peruvian Trough-section across the Huarmey 
and Chavin basins. 1. Crystalline basement. 2. Palaeozoic sediments 
and metasediments. 3. Dykes, sills and basic lavas with extinct 
volcanic neck. 4. Basic and intermediate lavas. 5. Active volcanic 
neck. 6, Hyaloclastites and volcaniclastic turbidites. 7. Pyroclastic to 
epiclastic tuffs. 8. Granitoid plutons. 9. Shales. 10. Sandstones. 11. 
Bituminous limestones and marls (Pariatambo formation). 12. 
Massive limestones. 13. Red Beds (Chota and Casapalca formations). 
A. Late Jurassic and Early Cretaceous. Formation of depositional 
basins by extensional tectonics with development of horst and graben 
topography. Deposition of mainly volcanic material in the eugeosyn- 
cline and shales and sandstones in the miogeosyncline. 

B. Late Cretaceous. Resurgent movement on basement faults with 
inversion of horst and graben topography and development of 
autochthonous folds in the volcanic sequence. Emplacement of 
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granitoid batholith. Deposition of carbonates in the Chavin basin and 
on the foreland. Uplift and erosion of eugeosyncline with eastward 
shedding of red bed molasse deposits on to miogeosyncline and the 
foreland. Sub-Hercynian (Mochica Phase). 

C. Early Tertiary Incaic orogeny. Uplift of whole region and 
resurgent movement on basement faults in the miogeosyncline with 
inversion of horst and graben structures and folding. Sedimentary 
rocks in the miogeosyncline became detached from basement on thick 
Upper Jurassic shales (Chicama Formation). Concentric folding of 
sedimentary packet as a whole with competent limestone and 
quartzite formations defining the amplitude of the folds. Probably 
some upward propagation of basement faults through the sedimen- 
tary cover (not shown). North-eastward transport of folded sequence 
with décollement on Pariatambo Formation and emplacement of 
thrust sheets of the imbricate zone (Wilson et al. 1967) on to the local 


foreland. 
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deforming independently over a basement which, while 
not totally passive, did not deform to the same extent as 
the cover, but responded by resurgent movement along 
faults which, during the depositional phase were 
extensional and normal, becoming reversed during 
compression. 


The imbricate zone of foreland thrusting 


At the eastern margin of the Chavin basin the 
miogeosynclinal sediments have been overthrust onto 
the foreland in a belt of stacked thrust sheets first 
recognized by Wilson etal. (1967) and named the 
imbricate zone (see Figures 1.1 and 1.8). The width of this 
zone ranges from 25km in the region of Celendin to 
negligible at Casapalca, the latitude of Lima, where the 
basin narrows and the thrust sheets merge into high- 
angle reverse and strike-slip faults. A little further 
north, to the east of Chavin, the horizontal thrusts pass 
southwards into reverse faults along the limbs of 
autochthonous folds. These structures emphasize the 
progressive southward diminutions of the north- 
easterly transport of the imbricate thrust sheets. 

In an earlier work Cobbing et al. (1981) emphasized 
the role of vertical tectonics, suggesting that defor- 
mation took place within the miogeosyncline as a result 
of compression applied to a thick sedimentary prism as 
it was uplifted along bounding faults. The imbricate 
zone was interpreted as a stack of peel thrusts spilling on 
to the foreland under gravity from a rising geanticline. 
It is now recognized that this may have been an over- 
simplification and that Wilson’s original interpretation 
of foreland thrusting is probably correct. 

The foreland to the imbricate zone is the Maranon 
complex, part of the Eastern Cordillera, and itself an 
integral part of the Andean chain. It has been suggested 
by Janjou etal. (1981) that the imbricate zone of 
northern Peru is a zone of underthrusting of the 
Marafion complex leading to basement absorption; the 
‘A’ type subduction of Bally (1975). They also suggest 
that in southern Peru and Bolivia this zone is relayed to 


Figure 1.8 Sketch map to illustrate postulated continental sub- 
duction along the imbricate zone of Northern Peru and the Sub- 
Andean zone of Peru and Bolivia. From Janjou ef al. (1981). 
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the sub-Andean region and that crustal underthrusting 
and ‘A’ subduction of the Brazilian shield is proceeding 
beneath the folded Palaeozoic strata of the Eastern 
Cordillera. While basement underthrusting in the 
foreland region is clearly a possibility, objective criteria 
for basement consumption are difficult to establish. 

In most regions where ‘A’ subduction has been 
proposed, it has been inferred because ‘in seismically 
controlled cross sections the width of the reconstructed 
sedimentary cover is substantially in excess of the width 
of underlying continental substratum’ (Bally and 
Snelson, 1980). Janjou ef al. (1981) have utilized the 
model to address the problem of the thick crustal root of 
the Eastern Cordillera which exceeds that of the 
Western Cordillera (James, 1971), and also to account 
for the rapid morphogenic phase of Andean mountain 
building which, they suggest, was mainly achieved 
between 30 and 10 Ma, and was caused by basement 
underthrusting in the Sub-Andean and imbricate zones 
with consequent thickening of the crustal root. 

For the Andes as a whole foreland thrusting of the 
mountain chain along the sub-Andean front is now 
widely advocated (Janjou e al., 1981; Winslow, 1981; 
Suarez et al., 1983; Jordan et al., 1983; Mégard, 1984), 
and most authors relate this thrusting to consumption of 
oceanic crust in the subduction zone. However, the 
alternative hypothesis of major uplift of the region along 
resurgent high-angle reverse faults (Ham and Herrera, 
1963) has never been disproved, and the data of Suarez 
et al. (1983) could indicate that ‘the rather steep dips of 
the west dipping planes from the fault plane solutions, 
and the depths of these events suggest that the basement 
is involved in the deformation and that if low angle 
décollement occurs, as in the Canadian Rockies, it does 
so aseismically’ (Molnar and Wang Ping Chen, 1983). 

By contrast Winslow (1981) has developed a model 
for basement shortening in the Southern Andes by 
reverse faulting along inherited extensional faults. 
Normal faulting of basement produced a 30-40% 
extension and the formation ofa depositional basin with 
horst and graben topography. Post-depositional reverse 
motion on earlier normal faults can account for 
20—40 kms of shortening with no visible involvement of 
basement. Such a model is clearly of value for the West 
Peruvian Trough where very similar processes of basin 
formation and deformation have been proposed. When 
it is combined with foreland thrusting on a décollement 
as suggested by Winslow a complete and internally 
coherent picture of the formation and deformation of 
the West Peruvian Trough can be constructed (see 
Figure 1.8). 


The problems of shortening vis-a-vis 
crustal thickness 


In recent years debate has centred on the question of 
crustal shortening in the Andes, some authors maintain- 
ing that there is little crustal shortening (Pitcher, 1983; 
Cobbing et al., 1981), while others have proposed that it 
is considerable and that the Andes would have been 
built solely by thrust faulting and crustal shortening 


within the last 80 My (Suarez et al., 1983). Those who 
have advocated modest crustal shortening have been 
impressed by the general lack of evidence for strain and 
lack of thrust and nappe tectonics, except in the relatively 
narrow zone mentioned above, and also by the abun- 
dant evidence for vertical tectonics. The fact of stratal 
shortening has always been acknowledged (Dalmayrac 
etal., 1980; Cobbing etal., 1981) but it has been 
possible to accommodate this within a model of compre- 
ssive uplift of block faulted basins along resurgent faults. 
There are regions where thick sequences of competent 
material are hardly folded and there are even areas 
where intercalated sequences of sediments and vol- 
canics with a considerable potential for disharmonic 
deformation show regular dips of not more than 20°; a 
tectonic style well marked in the volcanic basins of 
Huarmey and Cajiete. Further south varying thick- 
nesses of largely sub-horizontal sedimentary and vol- 
canic rocks can be seen to lie upon the crystalline 
basement of the Arequipa Massif. Locally these se- 
quences, particularly the sedimentary ones, may show 
good concentric folding similar to that seen in many 
places in the Andes, and also overthrusting such as that 
described by Vargas (1970) and Vicente et al. (1979) on 
the Cincha-Lluta fault north of Arequipa where crystal- 
line basement has been carried north-eastwards over 
folded Mesozoic sediments. Nevertheless over much of 
the region there are sequences of several thousand 
metres of sediments with low to moderate dips, exposed 
in deep canyons, which show very little sign of any 
deformation at all and give every indication of dwelling 
autochthonously upon a static basement. In the same 
region, but well into the centre of the belt, crystalline 
basement with an undeformed cover can be seen at 
altitudes of more than 4000 m and yet this is a region of 
very thick crust (James, 1971). Thus it is pertinent to 
enquire what kind of material makes up the bulk of the 
60km thick crust below these 2000 million year old 
gneisses, and what has caused the massive uplift of this 
undeformed basement. It is observations like this which 
have led to doubts on the role of crustal shortening in 
the Andes and, in the view of the great development of 
subduction-related magmatic products, a proper con- 
sideration of the alternative role of magmatic under- 
plating in achieving crustal thickening and uplift. 


A current plate tectonic model for the Andes 


The earliest discussions on plate tectonics distin- 
guished two major and contrasted types of orogenic 
belt, continent-continent convergence as in the case of 
the Himalayas and Alpine chains and continent- 
ocean convergences as exemplified by the Andean and 
North American cordilleras and also by other Circum- 
Pacific regions (Mitchell and Reading, 1969). One of 
the distinguishing features of the Andean tectonic 
setting was considered to be the presence of abundant 
arc volcanics and also of associated granitoid plutonism. 
This essentially simple concept has subsequently been 
eroded by the recognition of suspect terrains in North 
America and particularly by the suggestions of authors 
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such as Nur and Ben Avraham (1977, 1983), who have 
contended that not only is the accretion of continental 
fragments to the Andes a necessary prerequisite for 
mountain building but that subduction of normal 
oceanic crust is insufficient to cause such deformation. 
In this way the whole concept of an Andean type plate 
margin has been brought into question. 

In the above, evidence for the accretion of mini plates 
to the Central Andean domain has been examined and 
it has been found that the bulk of geological in- 
vestigations conducted during the last decade do not 
support that hypothesis. By contrast it would seem that 
the Andean margin, though complex, has been unified 
throughout the Phanerozoic, providing an essentially 
integral continental margin upon which a magmatic 
arc was superimposed during the Mesozoic. This im- 
plies a return to the earlier concept of an Andean type 
margin which is now much simpler than the equivalent 
Cordilleran type of North America where the geology is 
complicated by the suspect terrain factor. It would seem 
that the Andean type margin can indeed be utilized 
as a model for this tectonic setting and that models 
for geological processes can be developed which can, 
with caution, be applied to other terrains and past 
eras. 

The strictly Andean cycle is essentially one of crustal 
thickening. Oceanic subduction resulted first of all in 
crustal extension and thinning producing the West 
Peruvian Trough and its filling by processes ranging 
from clastic sedimentation to continental margin vulca- 
nicity. Then followed magmatic underplating, defor- 
mation, batholith emplacement and uplift, with effects 
first recorded in the eugeosyncline and later in the 
miogeosyncline, followed in turn by the establishment 
of a new volcanic arc and the deposition of subaerial 
plateau volcanics, a process which continues in some 
parts of the Andes to the present day. 

The exemplary study of the Nazca plate by Oregon 
State University has provided a wealth of offshore data, 
much of which relates to processes operating at the 
present time. A great deal of the information gained 
during this project also relates to the growth of the 
Andes during the Mesozoic. For example, it has been 
discovered that there is only a very narrow accretionary 
wedge within the trench itself (Shepherd and 
Moberley, 1981); this implies that the subduction 
process has been very efficient and that all material 
derived from the continent which reached the oceanic 
crust throughout the whole period that this has been a 
continental margin, i.e. the entire Phanerozoic, has 
been subducted or removed laterally. This situation 
affords a strong contrast to that obtaining off Sumatra 
where a very thick accretionary prism is actually 
forming at the present time (Karig and Sharman, 
1975), acontrast which is surprising in that both regions 
are examples of continent-ocean convergence both at 
the present time and during the Mesozoic. 

A further aspect of present-day subduction is that in 
the Andean region the subduction zone appears to be 
segmented into shallow dipping and more steeply 
dipping zones. The onshore geology seems to reflect 
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these differences in that active volcanoes are present in 
the Andes today only opposite those regions of steep 
subduction where the seismic profiles show a dip of 30° 
for the subduction zone. In regions where the seismic 
profiles indicate a virtually flat subduction zone there is 
no present-day vulcanicity. There are also differences in 
Neogene tectonic styles which correspond to regions 
having different dips to the present-day subduction 
zone (Jordan et al., 1983). It is relevant to enquire 
whether such processes could have caused the segmen- 
tation of the mineral deposits first recognized by Sillitoe 
(1974), segmentation of the Coastal Batholith 
(Cobbing et al., 1977), and the rather complex segmen- 
ted control of Mesozoic and Palaeozoic stratigraphy 
discussed by Cobbing et al. (1981). In this context it is 
clear that the deflexions of Huancabamba and 
Abancay have played a major role, the latter being of 
particular importance in Peru as it seems to have 
influenced the distribution of Palaeozoic strata in the 
Eastern Cordillera and also of Mesozoic sedimentary 
and volcanic rocks within the West Peruvian Trough. It 
is rather surprising that the Coastal Batholith, although 
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segmented, does not correspond to the segmentation of 
other geological elements but crosses the deflexion with 
no sign of change. The same deflexion is active at the 
present time however, for southwards there is an 
emergent coastal cordillera and a chain of active 
volcanoes, features which are absent to the north, and 
the deflexion corresponds to a change in dip of the 
present day subduction zone (Mégard and Philip, 
1976). It would appear that this is a case where diverse 
elements of the existing chain produced by an ancient 
basement control factor, continue to interact with 
present-day oceanic subduction to produce specific 
features of the Andean chain in the manner suggested 
by Dalziel (in press). 

In such matters as these the Andes can clearly be 
considered as a working laboratory for continent-ocean 
convergent processes. It will be the objective of this 
book to develop models for the somewhat older and 
more deeply seated magmatic processes which have 
developed in the same tectonic setting and which, in 
general terms, appear to have a relevance for the whole 
Circum-Pacific region. 
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The deeper structure of the Central Andes 
and some geophysical constraints 
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The deep structure of the crust is clearly an important factor in discussions of magmatic evolution in a plate-margin regime. 

Seismic refraction surveys and analyses of surface waves from earthquakes have yielded useful models of this especially thick 

zone of the crust, and these are reviewed, together with electrical conductivity experiments which are indicators of temperature. 

Even more importantly gravity profiles are presented and discussed, particularly the finding of an upbowing of dense rock 
under the coastal margin of north-central Peru and beneath the Mesozoic margin basin. 


Preamble 


Active continental margins and island arcs are 
characterized by Benioff or subduction zones, which 
map the downward part of the sinking tongue of 
lithosphere. The subduction zone plays an important 
part in tectonics and igneous activity; therefore when 
considering the Andean plate margin we must examine 
the Benioff zone in Peru and Chile as it now exists. 

Seismology has, so far, been virtually the only 
geophysical method available for examining the shape, 
continuity (both laterally and in depth) and physical 
character of the subduction zone. This is likely to 
remain so. Gravity surveys are useful for investigating 
the crust, but the positive geoid anomaly which arises 
from the cool, dense slab of lithosphere as it sinks into 
the mantle, is largely offset in some models by a geoid 
low resulting from surface deformation (McAdoo, 
1982). Magnetic anomalies originate from the top 
30 km only and so throw no light on the configuration of 
subduction zones. Heat flow measurements are scanty 
and difficult to interpret, while electrical conductivity 
surveys (discussed below) are still in the developmental 
stage. 

Three techniques in seismology have especially been 
used in examining subduction zones: 

(i) The location of earthquake foci has led to some 
understanding of the geometry of subduction 
zones. 

(ii) Focal mechanism solutions often elucidate stress 
conditions within and at the edges of slabs. 

(iii) The attenuation of P and S waves is an indicator of 
the material properties of the lithosphere. 

A discussion of these methods is outside the scope of this 

article and the reader is referred to the references given. 

Method (i), the mapping of earthquake foci, has not 
been without some controversy in the case of the Andes. 
Much depends upon the grouping of the data geog- 
raphically, the size of shock included and the retention 
of high-quality data (see e.g. Stauder, 1975; Isacks and 


Barazangi, 1977; James, 1978; Hasegawa and Sacks, 
1981). However, it is now generally agreed that there is 
some kind of ‘tear’ or distortion in the Benioff slab near 
the Peru-Chile border, with the slab dipping more 
steeply on the southern side. Indeed, most workers now 
believe that the inclined seismic zone beneath Peru and 
Chile consists of four major segments with contrasting 
angles of dip. This has led several authors (Isacks and 
Barazangi, 1977; Pilger, 1981) to relate this segmen- 
tation of the Nazca plate to Quaternary and Recent 
volcanic activity, volcanic ‘gaps’ being correlated with 
low-angle subduction. 

There have been attempts to relate the type of 
subduction zone to the formation of back-arc basins 
(Uyeda and Kanamori, 1979) and some authors 
(Kelleher and McCann, 1977; Barazangi and Isacks, 
1979; Pilger, 1981) have suggested that major bathy- 
metric features, such as aseismic ridges, are important 
in determining the attitude of the subduction zone and 
the possible formation of basins of sedimentation. Many 
have discussed the degree of coupling between oceanic 
and continental lithosphere. A shallow subduction 
zone, due perhaps to the buoyancy of an aseismic ridge, 
would generate a compressive stress field in the upper 
plate. 

Different areas have different subduction regimes 
(Isacks and Molnar, 1969, 1971). For example, N. 
Honshu, Tonga and Izu Bonin are regions where the 
slab is under compression all the way down to its base, in 
contrast to six other regions where there is clear 
evidence of down-dip extensional stress. If the current 
tectonism and magmatic activity can be related to the 
present-day subduction regime in each of these different 
places, it may then be possible to model the develop- 
ment of a subduction regime and thereby throw light on 
episodic magmatic activity. 

Valuable as these hypotheses may be, they rely 
largely on data supplied by current seismic events and it 
is difficult to extrapolate them back in earth history, 
although Noble and McKee (1977) have attempted to 
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relate breaking of the slab in the Andes to geological 
processes going back some 20 Ma. Also an ancient 
segmentation of the Andes is apparent from many 
geological studies (e.g. Sillitoe, 1974; Cobbing et al., 
1981) with Andean-normal transverse ‘axes’ providing 
possible tectonic limits to plate segments. 

The study of past variations in sea-floor spreading 
rate and direction is at present the only way we can 
elucidate earlier plate tectonic regimes and thus relate 
subduction to geological processes in earlier times. 
Some authors have used this approach, e.g. Pilger 
(1981) while Frutos (1981) claims to have demon- 
strated a relationship between spreading rate, defor- 
mation and magmatism in Chile. 

In the remainder of this article we shall assemble 
what is known, from geophysical data, of the crustal 
structure of the Andes. Various crustal studies have 
made use of the following geophysical methods: 

(i) seismic refraction surveys, using explosions 

(ii) analysis of seismic surface waves from earthquakes 
(iii) electrical conductivity surveys 
(iv) gravity surveys. 
As methods (i-iii) have provided a framework for 
interpreting (iv), we shall take them in this order. 


Seismic refraction surveys, using 
explosions 


The earliest studies of crustal structure beneath the 
Andes were based on a series of explosions from the 
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Figure 2.1 Map showing geophysical surveys in the Central Andes. 
Section lines T—T’ Trujillo, B-W Bussell and Wilson, P—P’ Pisco, 
M-M’ Mollendo, O-O’ Ocola and Meyer, J — J’ James. 
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Figure 2.2 Seismic velocity v. depth profile for the Central Andes 
(after Ocola and Meyer, 1972). 


mines in Toquepala and Chuquicamata (shown in 
Figure 2.1). These were made during the I.G.Y. in 
1957, and again in 1965. As these surveys were of a 
reconnaissance nature, the rather inconclusive results 
are not discussed here, but they did, however, yield an 
approximate crustal thickness of 45-50km beneath 
Toquepala. No arrivals of any kind were obtained 
beyond 200km from that shot-point in directions 
crossing the cordillera and altiplano. This was attri- 
buted to extreme crustal attenuation of the seismic 
waves, which has been explained in the light of other 
work discussed below. 

In the summer of 1968 the Carnegie Institution of 
Washington, with North and South American col- 
laborators, carried out a seismic experiment to in- 
vestigate the altiplano region of Bolivia. 1—2 ton shots 
were fired in lakes; the shot-points and the lines of 
seismometers are shown in Figure 2.1. Preliminary 
results were published by Ocola et al. (1971). A later 
interpretation was made by Ocola and Meyer (1972), 
so as to account for the large amplitudes in the 
secondary arrivals. The resultant model yielded three 
main crustal layers, with two low-velocity zones. This is 
shown in Figure 2.2. The thick crust is in accordance 
with the strongly negative Bouguer anomaly of about 
— 400 mgal found under the Andes (Figure 2.3). 

The low-velocity zones, if they are substantiated, are 
of considerable interest. The shallower of these two 
zones at about 10 km depth has been found elsewhere, 
particularly under the Alps and West Germany, as well 
as under the Cascades, Basin Range and Rocky 
Mountains (Bott, 1982). The deeper one, at about 
35km, cannot be matched anywhere else. If present, 
they might partially account for the poor transmission 
of P- and S-waves that was found in the earlier 
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experiments ; they would also be in accordance with the 
high electrical conductivity zone found there. Ocola 
and Meyer suggest that the low-velocity zones are 
conceivably related to the parent magmas of volcanic 
and intrusive rocks, the upper to acidic and the lower to 
basic rocks. 

It should be noted that the seismic experiments were 
located close to the northern limit of the Quaternary 
and active volcanoes found in the central Andes 


(Figure 2.1). 


Analysis of seismic surface waves 
from earthquakes 


The study of the crustal structure of the Andes by the 
Carnegie Institution of Washington has included an 
analysis of surface waves from earthquakes (James, 
1971). Rayleigh and Love waves from a number of 
earthquakes were recorded at the stations shown in 
Figure 2.1, as well as on local networks not shown here. 
From suitable pairs of stations phase velocities were 
obtained from these dispersive waves; group velocities 
were obtained from single stations. By using inversion 
techniques, models of the crust and upper mantle were 
derived. As no unique model can be obtained, James 
has employed a number of reasonable constraints. The 
main ones are the assumption ofa three-layer crust, and 
the condition that the density and the P-wave velocity 
should be constrained to follow shear wave velocity: a 
parameter obtained from the inversion. 

For various reasons, the clearest results were obtained 
from the phase velocities, from which James was able to 
build up a three-dimensional model of crustal structure. 
For each given pair of stations the inversion of the data 
yields a crustal layering and a set of velocities that are 
the average along the path joining the two stations. 
Thus the results are to some extent smoothed. Neverthe- 
less a definite picture emerges of a crustal thickness 
varying from about | 1 km (including the water layer) in 
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the ocean basin, to 30 km along the coast, to more than 
70 km beneath the Western Cordillera and the western 
part of the altiplano. The crust then thins eastward and 
beneath the Eastern Cordillera is only 50-55 km thick. 
Beneath the crest of the Andes the crust appears to thin 
to the north and south of the altiplano region. These 
results are best displayed in Figure 2.4, which is a 
contour map of the M discontinuity, reproduced from 
Figure 21 of James (1971). His results extend to the 
southern part of the Lima segment of the Peruvian 
batholith, where the crust is only 60 km thick at most. 

Figure 2.5 (a) shows two cross-sections of crustal 
structure for the Central Andes (locations on 
Figure 2.1). For easy comparison the seismic velocities 
on these and subsequent sections (Figure 2.6) have been 
grouped into four layers, as shown in Figure 2.5 (b). 
The corresponding ranges of densities, obtained from 
Ludwig et al. (1970), are also shown. Section JJ’, taken 
from James’ Figure 22, is based entirely on his surface 
wave analyses, while OO’ is one of Ocola and Meyer’s 
sections based on the explosion seismic surveys reviewed 
above, together with some land gravity data. There is 
fairly good agreement between the two sections. 
However, neither section brings out the lateral va- 
riation in P-wave velocity (and by inference density) in 
the lower crust. From James’ work it is clear that the 
lower crustal velocity under the coast is 6.7 k/s, decreas- 
ing to 6.0—6.5 k/s for most pairs of stations which include 
La Paz. The implications of this lateral change are 
discussed later. 

A striking feature of James’ model is the low shear 
velocity in the upper mantle (4.25—4.30 k/s) for the path 
Huancayo — La Paz. This implies a hot upper mantle 
for this zone of the Andes, which is in accordance with 
the high electrical conductivity (see Figure 2.1 for its 
axis) discussed in the next section. 
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Figure 2.4 Contour map of the M discontinuity for the Central 
Andes. Contours show depth of the Moho in km. 
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Figure 2.5 (a) Cross-sections of crustal structure in the Central 
Andes. For location see Figure 2.1. (6) Seismic velocities and densities 
grouped for three crustal layers and the upper mantle. 


Electrical conductivity surveys 


The electrical conductivity distribution in the crust 
and upper mantle can be investigated by studying the 
short-period variations of the Earth’s magnetic field. 
The strength of the induced telluric currents depends 
upon the electrical conductivity distribution; these 
currents affect the strength and direction of the mag- 
netic field. A good general account of the method and 
some results are given by Bott (1982). 

In 1957 the Carnegie Institution recognized that 
local attenuation of seismic waves might be caused by 
rather restricted zones of high temperature rock in the 
crust or upper mantle, and that these in turn might 
give rise to zones of high electrical conductivity. 
Accordingly, magnetic stations were set up in 1965-66 
in Peru and Bolivia and the records of Z, H and D were 
analysed for those magnetic variations with periods 
between about 10 minutes and two hours. 

The results have been given in Schmucker (1969). 
The critical stations lay between Cochabamba (about 
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200 km ESE of La Paz) and the coast west of Arequipa. 
From the suppression of Z in a narrow zone near La Paz 
and from other features, it was found that the telluric 
currents were channelled into a high-conductivity zone 
which follows the general trend of the mountain range. 
This zone is shown in Figure 2.1. The depth to the top of 
the zone can only be crudely estimated, but it is thought 
to be of the order of 50km or less. Thus it is possibly 
associated with the deeper of the velocity reversals 
postulated by Ocola and Meyer. A rough estimate of 
the conductivity in this zone is 0.1 Sm~', which may be 
compared with a conductivity of 0.5 Sm-! at 25 km 
depth under the East Basin and Range province of N. 
America, a similar zone of high temperature (Bott, 
1982). According to Bott, this anomalously high electri- 
cal conductivity, often found in active tectonic regions, 
cannot be satisfactorily explained by electronic con- 
duction in solid rocks, but is best explained by the 
presence of a melt fraction in highly conducting rocks. 
Shankland and Waff (1977) have shown that quite a 
small melt fraction of about 5°% within peridotite can 
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Figure 2.6 Cross-sections of crustal structure. TT’, PP’, MM’ from 
the Nazca Plate Project; BW from Bussell and Wilson; NN’ for the 


Sierra Nevada (Oliver, 1977). 


give rise to a conductivity of about 0.2Sm™'! at about 
1650° K, provided that it forms an interconnecting 
network within the rock. 


Results of studies of the Nazca plate 


General 


So far, this review of geophysical constraints has 
perforce concentrated on the central Andes, between 
about 12°S and 20°S, as that is where almost all of the 
work on land has been done. However, in the Nazca 
Plate Project many seismic, gravity and other surveys 
have been made over and near the Peru-Chile trench, 
covering a wide range of latitude. No attempt is made 
here to summarize these marine results, which can be 
found in Mem. geol. Soc. Am. 154 (1981) (see also 
Cobbing, this volume). However, we make use of three 
sections constructed from this work (MM’, PP’ and TT’ 
in Figure 2.1). With these as a link and with an 
extrapolation northwards of the land results reviewed 
above, we now turn to the crustal structure of the Lima 
segment of the Peruvian Coastal Batholith. 


Gravity surveys and their interpretation 


There have been few published gravity surveys for 
the Andes. For a review of the literature see Bussell and 
Wilson (in press). Figure 2.3 shows a simplified regional 
Bouguer anomaly map taken from James (1971). This 
was constructed from data supplied for Peru by L. 
Ocola, for Bolivia by R. Salgueiro and for Chile by the 
University of Chile. As far as is known no topographical 
corrections have been applied to these data. The 
anomalies mainly reflect crustal thickness and the 
contours thus resemble those of the M discontinuity 
(Figure 2.4). They stop short of the present area. 
However Bussell and Wilson have carried out a gravity 
traverse 80km long, across the Lima segment of the 
Peruvian Coastal Batholith, eastwards from the coast at 
Huacho (11° S), through Sayan to Churin. They also 
made a short traverse, 30km long, from near Sayan 
southwards to the coast at Rio Seco. This survey yielded 
Bouguer anomalies which are well fitted to a linear 
regional field of gradient 5 mgal/km; as expected, the 
strike of the regional field agrees closely (within 2°) with 
the axis of the batholith. 
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This regional gradient of 5 mgal/km is higher than 
most of the coastal gradients found by other workers 
(e.g. Ocola and Meyer, 1973; Wuenschel, 1955), which 
are about 3 mgal/km. This rather high value can be 
explained in the light of some of the results from the 
Nazca Plate Project, which has furnished sections of 
immediate interest, between latitudes 9° and 17°S. 
These are shown in figure 2.6 together with the model 
derived by Bussell and Wilson and a model of the Sierra 
Nevada batholith published by Oliver (1977). The 
sections I'l’, PP’, MM’ (Jones, 1981; Couch e: al., 
1981) are based on the detailed marine geophysical 
surveys together with the crustal seismic results dis- 
cussed earlier and some land gravity stations on a road 
extending from the coast northeastward to 76° W at the 
Pisco section (Whitsett, 1975). The crustal structure in 
California has been included since this area contains 
one of the best researched circum-Pacific Mesozoic 
batholiths, that of the Sierra Nevada. Comprehensive 
gravity and magnetic surveys have also been made in 
this part of California and there is a wealth of borehole 
data which are almost totally lacking in the coastal 
regions of Peru. 

An interesting feature, common to most of these 
models, is a large mass of dense rock emplaced within 
the upper crust. In the Peruvian sections TT’, BW, PP’ 
it appears approximately beneath the coastline, where 
it is required to satisfy the gravity high found there. 
There is also some seismic evidence for this shallow basic 
mass. Hussong etal. (1976), on a reversed seismic 
refraction line 30km offshore at section TT’ (9°S), 
found a 5.9km/s layer at 4km depth underlain by a 
6.8 km/s layer at 8km depth. However, this dense rock 
is apparently not required in the Mollendo section 
MM’, where Couch et al. have assigned a density of 
2.75 Mg/m* to nearly the whole of the crust under the 
coastline. Nor is the basic mass required for their 
sections further south at Copiapo (26°S) and Central 
Chile (38°S). In California, a gravity high is found 
under the Great Valley and it has been modelled by 
Oliver (1977) in the form of an uplifted layer of density 
3.03 Mg/m? (section NN’). There is evidence from 
boreholes and magnetic survey that a basement of mafic 
rock is close to the surface in the eastern part of Great 
Valley. As the provenance of this large mass of mafic 
rock is crucial to our understanding of the ocean- 
continent transition, we shall consider its possible 
origins. Various authors have commented as follows. 

Cady (1975), whose California section is similar to 
Oliver’s, but which shows an even greater thickness of 
mafic rock under the Great Valley, considers that the 
basic mass is a spur of oceanic crust, thickened by 
repeated imbrication and uplifted to within 2 or 3 km of 
the surface. He does not favour an igneous intrusion as 
the source of gravity and magnetic anomalies in the 
Great Valley for various reasons (p. 36) including the 
lack of evidence, from drill cores, of an intrusive contact 
between the base of the Great Valley sedimentary 
section and the top of the source body. Oliver suggests 
that his own model would fit the gravity anomaly even 


better if his 3.03 Mg/m* layer were actually to crop out, 
when it would be represented by a known ophiolite belt 
in that area (Saleeby, 1975). 

In Peru, Jones (1981) and Couch ef al. (1981) are 
more cautious in their interpretation of the basic mass. 
Jones (p. 440) comments that ‘the high density of the 
rock and its location on the eastern continental shelf 
suggest either crustal rupture and imbricate upthrust of 
oceanic crust or intrusion at depth under the con- 
tinental shelf’. 

Couch et al. have modelled their Pisco crustal section 
on ‘an up-bowing of lower-crustal 3.00 Mg/m* ma- 
terial’. They also suggest that, alternatively, the dense 
shallow structure could include part of the upper 
mantle emplaced by fracturing and thrusting of the 
subducting lithosphere. Or again, another explanation 
might include ‘diapiric upwelling of lower-crustal rock 
during formation of a batholith’. According to un- 
published field work the characteristics of the crust at 
9°S suggest that a Cretaceous complex of mafic dykes 
and volcanics developed within the continental mar- 
ginal basin may be responsible for the strong positive 
anomaly, indeed the up-bowing occurs beneath the 
thickest and most basic rock-injected sector of this basin 
(Cobbing, this volume), a finding consonant with a 
thesis of marginal ensialic spreading. 

In most of the sections the lower crustal layer is shown 
as having a uniform density of 3.00—3.05 Mg/m', but 
this seems unlikely. James’ demonstration of a lateral 
transition further south from 6.7 km/sec under the coast 
to 6.0—-6.5 km/sec some 200 km inland allows the possi- 
bility ofa similar density transition in Peru. Further, the 
gravity anomalies themselves indicate such a transition. 
Bussell and Wilson have put forward a similar change in 
density in their section for Central Peru as one of two 
possible ways of accounting for the regional gradient 
which is not quite satisfied at the eastern end by the 
model shown in Figure 2.6(d). 

If the lateral change in density and, hence, probably, 
lower velocity of the lower crust can be verified, this 
might also be interpreted as evidence of an andesitic 
underplate. 

An alternative hypothesis which also satisfies the 
gradient is that of a buried mass of granitic material 
near the eastern end of the traverse. This lies directly 
along strike from the Cordillera Blanca batholith within 
a well-defined belt of Andean-trending fractures and 
high-level stocks. 

Before leaving this topic of the lower crustal layer, we 
should attempt to explain the absence of the thick basic 
mass in the Mollendo section and further south. The 
three most northern sections, where the basic mass is 
shown at the continental edge, are all in the segment of 
the shallow underthrusting subducting slab, between 
6°S and 15°S, referred to above (p. 13). This supports 
the idea of a fragment of oceanic floor thrust up at the 
continental edge. By contrast, at Mollendo (16°S) the 
subduction zone is thought to dip more steeply, so that 
here the oceanic crust has passed smoothly under the 
continental plate. 
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As an introduction to the overall study of the magmatism a synthesis is presented of the geological settings of the several 
granite types of the Peruvian Andes, viz. intraplate reactivation, interplate collision, intraplate rifting, marginal ensialic 
Spreading and plate-edge thickening. 


Introduction: the overall geological context 


Granites are important in each of the several geologi- 
cal environments revealed in the Peruvian Andes. Here, 
as elsewhere, the type of granite differs with the context 
(Pitcher, 1983, 1984) in parallel with contrasts in the 
sedimentary facies and deformation. 

In outlining the magma-tectonic styles in Peru it is 
important to emphasize that the Andean mobile belt 
has been encratonic in character throughout much of 
the Phanerozoic (Cobbing, this volume). Thus an 
ancient crystalline basement underlies all Phanerozoic 
sequences and the essential control of Andean geology 
lies in the vertical and horizontal movements of se- 
parate blocks of this Precambrian basement. 

During the Palaeozoic the formation of linear, exten- 
sional basins, and their eventual high-strain compre- 
ssion, resulted from the interaction between two fore- 
lands, an Arequipa massif in the west and a Bolivian 
massif in the east. In the Mesozoic, in great contrast, a 
largely tensional and certainly low-strain regime was 
expressed as vertical movements on deep-reaching 
faults in the Arequipa massif in response to long- 
standing ocean-continent subduction along the Pacific 
margin. 

Of these two contrasted environments that of the 
Lower Palaeozoic, located within the Eastern 
Cordillera (Figure 3.1), involved a clastic, flysch trough 
that was deformed, though but little metamorphosed, 
and then uplifted during a mid-Devonian Eohercynian 
orogenic phase. This trough was re-established during 
the Carboniferous and Lower Permian with the de- 
position of a cover sequence of a continental molasse 
passing up into shallow-water clastics. In its turn this 
sequence was gently folded, faulted and uplifted, and 
these Tardihercynian movements were accompanied by 
the coeval deposition of a Permo-Triassic, red-bed 
molasse identified as the Mitu Group (Dalmyrac et al., 
1980; Mégard and Laubacher, this volume). 

In the Mesozoic, and within the Western Cordillera, 


fault-controlled troughs were established within the 
margin of the South American craton in response to 
ensialic spreading-subsidence (cf. Levi and Aguirre, 
1981). The most westerly of these, that of 
Huarmey—Canete, represented, during the mid- 
Cretaceous, a marginal basin that failed to develop into 
an oceanic rift (Cobbing and Pitcher, 1983; Atherton 
et al., 1983; compare Dalziel, 1981). This was closed at 
about 100 Ma during a Mochica (Subhercynian) compre- 
ssion, after which followed a number of short periods of 
alternating compression and relaxation in which the 
movements were taken up on Andean-oblique wrench- 
faults and in localized belts of Andean-trending folds. 
These progressively waned in strength into the Ceno- 
zoic at the same time as the continental edge was 
buttressed by the granitoids, thickened and uplifted, 
with the formation of a red-bed molasse during the 
Eocene. Thus the scene was set for the plateau-type 
vulcanicity of the Cenozoic Andes, representing ano- 
ther and different environment. 

In Peru the plutonic episodes which occupy these 
several tectonic niches are separated in space, time and 
type and provide a pattern for the Central Andes as a 
whole. 


The Palaeozoic granites of the foreland 


Lower Palaeozoic plutonic activity is revealed in the 
Arequipa massif in two forms, viz. the late tectonic, 
Camana-Atico igneous complex (CA in Figure 3.1), 
dated at 440 Ma (Rb-Sr, Shackleton et al., 1979) and 
the post-tectonic granodiorite batholith of San Nicolas 
(SN in Figure 3.1) (Pitcher, 1974), dated at both 
392Ma (Rb-Sr, Shackleton efal., 1979) and 
440/430 Ma (K-Ar, Wilson, 1975). The occurrence of a 
granite series of this type, representing a late stage of a 
‘Caledonian’ reworking of a foreland massif, would not 
be remarkable if it were not for the paucity of 
magmatism in the Lower Palaeozoic trough itself. 
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Figure 3.1 The main belts of granitoids in Peru in relation to their 
overall geological context. SN, San Nicolas batholith; CA, Camana- 
Atico granitoid complex. 


Mid-Palaeozoic plutonism within the 
Palaeozoic slate-belt 


Within the Lower Palaeozoic rocks of the Eastern 
Cordillera plutonism is first in evidence associated with 
the mid-Devonian (Eohercynian) deformation that 
produced the existing slate-belt. Dalmayrac and others 
(1980; Bard et al., 1974) report on a two-mica gneissose 
granite lying within a substantial contact aureole at 
Zongo-Yani in Bolivia, and this might be grouped with 
a similar granite gneiss complex at Amparaes, near 
Cuzco in Peru, and represent a syntectonic plutonism 
dating at around 330-346 Ma (Marocco in Dalmayrac 
et al., 1980, p. 202; Mégard, 1978). Within this same 
zone there are also granites with late-syntectonic and 
post-tectonic relationships to the Palaeozoic envelope 
(e.g. Mégard, 1973), and although these granites are 
not all peraluminous types it is likely that an entire S- 
type granite series is represented, within its natural 
slate-belt setting (Pitcher, 1983), and of crustal source. 


Permo-Triassic magmatism in the 
Eastern Cordillera 


Also within the Eastern Cordillera of Peru volcanism 
is closely associated with the rifting and the deposition 
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of the Permo-Triassic red-bed molasse (Jenks, 1951). 
Alkaline basalts and high-K rhyolitic and dacitic ash- 
flows and lavas together form a distinctly peralkaline 
province, and there is even an association in space with 
a peralkaline syenite complex (Francis, 1956). Such an 
alkali-magma associated rift environment fits well with 
a thesis of crustal extension (Fricker and Weibel, 1960; 
Mégard, 1973; Noble e¢ al., 1978; Kontack et al., 1983 
and this vol.). This incipient break-up of the old sialic 
crust may have marked the beginning of the Pacific 
subduction regime, but within a zone far removed, at 
least 500 km, from any possible Permo-Triassic ocean- 
continent margin. 

Closely associated in space and time with this 
vulcanicity and rifting are several arrays of big granite 
plutons (Figure 3.1), clearly cross-cutting, and with 
narrow yet strongly developed contact aureoles. These 
plutons show a clear spatial relationship to major faults, 
and within the graben the red beds of the Mitu Group 
rest unconformably on certain granites whilst they are 
cut by others, illustrating the coevality of uplift and 
intrusion (Dalmayrac et al., 1980; Lancelot et al., 1978; 
Capdevila et al., 1977). In Peru radiometric determi- 
nations yield ages spanning 260-234 Ma whilst in 
Bolivia they range to 195 Ma (details in Kontak e¢ al., 
this volume; Carlier ef al., 1982). 


Within these Permo-Triassic plutons biotite granites 
predominate, often coarse-grained, megacrystic in K- 
feldspar, and generally lacking in xenoliths except in 
marginal situations. Such granites are calc-alkaline to 
sub-alkaline, with K/Na ratios greater than unity and 
A/CNK ratios around 1.05 (Cobbing, in press), factors 
which certainly contrast with granitoids of the Andean, 
less certainly with those of the Eohercynian for which 
there is but scanty data (see, however, Capdevila et al., 
1977; Dalmayrac et al., 1980, p. 233). However there is 
a remarkable parallelism in both composition and 
geological environment to rift and uplift-related gra- 
nite plutonism elsewhere in the world, and which have 
previously been referred to as a ‘Caledonian I-type’ 
(Pitcher, 1983). 

With increasing tectonic stabilization this late-Palaeo- 
zoic cycle of plutonism in the Eastern Cordillera waned, 
being finally represented, in both Peru and Bolivia, by 
small plutons of alkali-granite and syenites which may 
be as young as Lower Jurassic in age (Dalmayrac et al., 
loc. cit. p. 232). 


Andean magmatism in the 
Western Cordillera 


The encratonic environment 


At the end of the Palaeozoic the site of magmatism 
moved westwards, and by the early Mesozoic was firmly 
established in the zone of the Western Cordillera. 
Volcanic activity then continued from Liassic times to 
the Present, often in association with plutonism within 
the core-zone of the marginal volcanic ‘arc’ and with 
the locus of activity migrating eastward, albeit 
discontinuously. The location of this long-lasting 
volcano-plutonic lineament within the mobile edge of 
the continental plate is the principal evidence for the 
equally long-standing operation of a subduction 
mechanism. 

For much of the Mesozoic the coastal zone of Peru 
was the site of marine transgressions onto the block- 
faulted lip of the craton, resulting in a ribboned 
development of narrow sedimentary basins parallel to 
the continental edge (Cobbing e/ al., 1981 and this 
volume; Pitcher, 1984). The tectonic environment was 
of extension during much of the Jurassic and Early 
Cretaceous, though from the mid-Cretaceous onwards 
this was increasingly interrupted by short periods of 
compression, with both the timing and the effect of the 
deformational phases differing across the Andean belt. 
Nevertheless the overall style of this deformation is 
simple, at least within the zone of the Huarmey-Cajiete 
basin. Upright, rarely tight folds are associated with 
high-angle faults of great extent and with long histories 
of repeated movement (Myers, 1975; Mégard, 1978). 

During the long history of Upper Cretaceous mag- 
matism that followed several cycles of magma-tectonic 
activity can be recognized (Bussell, 1983; Moore, 1979, 
and this volume), viz. extension with the injection of a 
basic dyke swarm, then mild compression with the rise 
of granitoid magma, followed by uplift. Such cycles 
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may eventually be related in some complex way to 
cyclic changes in subduction rates (Frutos, 1981). 

Within the Huarmey-Cafiete marginal basin, es- 
pecially during the Early Cretaceous, an abundance of 
pillow-lavas, hyaloclastites, coeval basic sills and dykes, 
interbedded with a volcaniclastic flysch and intruded 
by near coeval gabbros form the country rocks of the 
Coastal Batholith (Figure 3.1). The primitive nature of 
these volcanic rocks (Atherton ef al., 1983 and this 
volume) is suggestive of a mantle source without crustal 
contamination, a view consonant with the geophysical 
evidence for a thinned upper-crust directly under the 
Huarmey basin (Couch e¢al., 1981; Jones, 1981, 
Cobbing and Wilson, this volume) and with the 
petrological evidence for high geothermal gradients 
during an essentially burial-type metamorphism (Offler 
et al., 1980; Aguirre and Offler, this volume). It is 
envisaged that the stretching of the continental crust in 
the hinterland of a destructive plate margin (Cobbing 
and Pitcher, 1983) led to intense dyking of the thinned 
crust by basic magma. 

Such magmas are represented at a higher level in the 
crust by a string of elongate gabbroic plutons and 
associated basaltic dykes which occupies the axial zone 
of the Huarmey-Cafiete basin (Regan, this volume). 
Intrusion occupied the period between the ending of 
sedimentation and the emplacement of the early mem- 
bers of the granitoid batholith and so spanned the mid- 
Cretaceous phase of folding. Multiple plutons, often 
sheet-like, can be as large as 1000km? in outcrop, 
though this is presently much reduced by intersection 
with the younger, granitic intrusions. 

These basic plutons seem to represent shallow crustal, 
sub-volcanic magma reservoirs relating more to the 
mid-Cretaceous vulcanicity than to the granitoid 
batholith, yet their precursor relationship to the latter 
shows that they must play an important role in the 
evolution of the granitoids; a matter discussed at length 
later in this book. Certainly the occurrence of these 
gabbros is in accord with a model of an extensional 
marginal basin above a thinned, continental-type crust 
and its underlying welt of basic, mantle-derived ma- 
terial (Atherton, this volume). 


The Coastal Batholith 


The immense batholith forming the core of the 
Western Cordillera of Peru is the dominant plutonic 
feature of the Mesozoic magmatism. This highly com- 
posite and multiple batholith consists of a 1600 km-long 
array of upwards of 1000 plutons occupying, for the 
most part, a 60km-wide band along the axis of the 
Huarmey-Cafiete marginal basin (Figures 3.1 and 3.2) 
but, to the south, intruding into the ancient basement of 
the Arequipa Massif. Its constituent intrusions were 
assembled, episodically, between 101-37 Ma in the 
main, and in association with the thickening of the crust 
mentioned above. 

At the present high crustal level of exposure the 
emplacement was controlled by growth-fractures on all 
scales (Bussell, 1976; Pitcher and Bussell, 1977) and, at 
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Cordillera Blanca 
Batholith 


Figure 3.2 The segmentation of the Cretaceous Coastal Batholith, 
illustrated by various stipples or blank, and the belt of Cenozoic stocks 
and associated batholiths, shown in black. 


depth, magmas are likely to have been channelled along 
a single deep-reaching megalineament. The plutons 
were emplaced by permissive cauldron subsidence and 
associated piecemeal stoping, both involving mechani- 
cal replacement without lateral opening or distortion of 
the country rock except for some minor doming 
(Taylor, 1976). Such a brittle fracture mechanism is 
consonant with the localized, short-lived, contact me- 
tamorphism (Atherton and Brenchley, 1972), the com- 
parative lack of mineral alignments and the occurrence 
of ring-dykes and tuffisitic pipes (Bussell and McCourt, 
1977). Taken together with the non-deformative char- 
acter of the burial metamorphism (Offler e¢ a/., 1980; 
Aquirre and Offler, this volume), such features indicate 
the permissive intrusion of magma at a shallow level in 
the crust (Myers, 1975), perhaps to within 3 to 4km of 
the surface. 

Tonalites and granodiorites predominate, forming 
great, compositionally zoned, lenticular-shaped com- 
plexes, whilst later, subordinate, ‘true’ granites occur 
either as large homogeneous plutons or as nested 
assemblages of plutons and ring-dykes (Cobbing and 
Pitcher, 1972, 1977, 1982; Bussell, this volume). It is 
possible that a denudation series is represented by the 
sequence caldera—ring-dyke complex—nested array of 
plutons (Bussell e¢ a/., 1976; Knox, 1971), implying that 
some plutons may have vented to the surface. Coeval 
with the granitoid plutons are considerable swarms of 
basaltic andesite dykes. 

The nature and origin of these rocks form the central 
theme of this book and will not be discussed here except 
to point to the marked division of the Coastal Batholith 
into time-separated rock-suites (super-units) which 
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form distinct assemblages within different segments of 
the batholith. Despite this petrological variation there 
is, nevertheless, a remarkable space-time uniformity of 
geochemical character, especially within the Lima 
segment. The low initial ®’Sr/*°Sr ratios of c. 0.7042 
(Sanchez, 1982; Taylor and Beckinsale, this volume), 
low 8 '8O values (Beckinsale, this volume) and « Nd 
values near zero (Le Bel e/ al., 1983, and in press), 
together suggest a homogeneous, deep-seated source. 
Furthermore the Pb isotope systematics (Mukasa, this 
volume) confirm that there is virtually no contami- 
nation by the Precambrian basement, at least in this 
central segment of the batholith. This again is in accord 
with a thinned sialic crust beneath the batholith. 

It will be suggested in the sequel that these magmas 
were derived from the remelting of the earlier-formed 
underplate of basaltic material segregated under the 
greatly thinned crust of the marginal basin. This is 
consonant with the geological evidence for the be- 
ginning of a general thickening of the crust at about the 
same time as the initiation of the granitoid batholith, 
also by the presence of the relatively high-density welt 
at depth, and the availability of basic magma in the 
form of coeval dyke swarms during the whole period of 
its assembly. 
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Figure 3.3. Plutons of the Cordillera Blanca Batholith and the 
associated high-level stocks in relation to major faults (after Cobbing 
et al., 1981, Figure 57). 


The metallogenetic connection 


According to Vidal (Cardozo and Vidal, 1981; 
Vidal, 1980, and this volume) there are three stages in 
the metallogenetic evolution of the batholithic belt of 
the Western Cordillera. The first is pre-batholithic and 
associated with the formation of the mid-Cretaceous, 
marginal basin, taking the form of either strata-bound 
barite-Zn deposits or Cu-Fe metasomatic deposits 
genetically attached to the gabbroic intrusives. 

During the succeeding batholithic event, Cu-Fe 
veins, Gu-Mo-W skarns, Cu-Fe-Mo disseminations or 
stockworks, and Au-quartz veins, were all generated as 
a result of late magmatic to hydrothermal activity, often 
related to specific plutonic suites (Hudson, 1979; Agar, 
1979). This mineralization is relatively more intense in 
the two southern segments of the batholith, especially 
that of Arequipa (Figure 3.2), and this despite the 
intrusives being everywhere eroded to a similar level. 
Perhaps we must expect variations in the abundance of 
both halogens and metals in relation to the segmental 
changes in crustal structure which are a particular 
feature of the central Andes (Sillitoe, 1974). 

The third stage of mineralization involved the for- 
mation of the cluster of porphyry-Cu deposits of Cerro 
Verde, Toquepala, Cuajone and Quellaveco, the stocks 
and tourmaline breccia pipes of which are aligned along 
a 170km-long lineament to the South of Arequipa. 
Later in this book (p. 182) there follows a debate on the 
spatial and temporal relationship of this third phase to 
the batholithic rocks of the Toquepala segment. 


Cenozoic plateau vulcanicity and the 
eastern stocks 


Throughout the Western Cordillera of Peru an 
erosion surface is cut from the main intrusives of the 
Batholith and their envelope. This surface is overlain by 
a thick pile of subaerial volcanic rocks, the Calipuy 
Group, which form a broad field along the cordillera, 
some 40 km wide and with an axis well to the east of the 
Coastal Batholith (V, Figure 3.1) (Noble, pers. comm.). 
North of Lima the group is of the order of 3000m 
thickness and a lower part consists of basalt and latite- 
andesite flows and pyroclastics capped by a sequence of 
largely rhyodacite ash-flows. In fact two separate 
formations can sometimes be recognized, especially in 
northern Peru (Cobbing e/ al., 1981), separated by an 
important phase of faulting, and this hiatus is possibly 
widespread. ‘The age span of these volcanic rocks is not 
yet closely controlled but radiometric data extend from 
52.5 Ma to 12 Ma, with preferred values, from near 
unconformities, of 41 Ma and 18Ma defining two 
sequences in south-central Peru (Noble, pers. comm. ; 
McKee and Noble, 1982). 

Approximately corresponding to the outcrop area of 
this Cenozoic volcanic field is a belt of small stock-like 
plutons, two to ten km? in outcrop, associated with 
andesitic domes, breccia pipes and dykes, the ages 
groupings as 32—29Ma and 23-12 Ma (Figure 3.2) 
(Cobbing e7 al., 1981, p. 86-87; Petersen and Vidal, in 
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press). The intrusions often diapirically punch through 
and dome the volcanic rocks and the underlying 
Mesozoic sediments (e.g. Mégard, 1978, p. 232), and 
many are associated with major fault lines (Figure 3.3). 

Quartz micromonzonite and microdiorite, porphy- 
ritic in biotite and hornblende, are common types in 
these volcanic centres, representing strongly calc- 
alkaline magmas which were the hypabyssal material 
feeding coeval volcanic rocks. 

Such relative small intrusions and their associated 
breccia pipes form the principal loci of mineralization so 
that they are extensively hydrothermally altered, with 
contact skarns, mineralized haloes and marginal vein 
systems carrying Cu, Pb, Zn, Ag and, sporadically, W. 
(Cobbing et al., 1981, p. 115 et seg.) In southern Bolivia 
similar stocks of rhyodacite are associated with the 
major tin field of the Altiplano (Grant e¢ al., 1977). 

Some large batholiths of the same general age also 
occur within this belt: that of Abancay-Cotabombas 
intrudes strata of Miocene age whilst that of the 
Cordillera Blanca has been dated radiometrically as 
between 12 and 9 Ma. 

The former lies within the east-west deflexion zone of 
Abancay (Figure 3.2), where some considerable plu- 
tons of coarse-grained, biotite-hornblende granodiorite 
are stoped high into the Tertiary red-bed molasse, 
cutting rocks as young as the Miocene (Marocco, 1971), 
producing in the underlying Cretaceous limestones 
important magnetite-bearing skarns. These plutons 
intersect older diorites (Cartier e¢ al., 1982) and it seems 
that the deflextion localized this east-west belt of 
intrusives over a considerable timespan. 

Located within the Cordillera Blanca, near Huaraz 
(Figures 3.1, 3.3) (Egeler and De Booy, 1956; Wilson 
and Garayar, 1967; Cobbing et al., 1981), is a great, 
steep-sided, flat-roofed, multiple intrusion, with outly- 
ing plutons, cut out of dark mudstones of Upper Jurassic 
age, in which is produced a considerable aureole of 
andalusite and garnet-bearing schists. The dominantly 
leucogranodioritic rocks of this Cordillera Blanca 
Batholith contrast strongly with those of its coastal 
analogue being coarser in grain, rich in K-feldspar 
megacrysts, more siliceous overall, much less mafic and 
with muscovite commonly present; features that are 
reflected in a relative peraluminicity (A/CNK = 1.11). 
There is a strong analogy here with the change in 
composition recorded in plutons lying to the east of the 
Sierra Nevada batholith of California, a feature there 
ascribed to crustal contamination in locations well 
within the continental crustal block. 

This group of intrusions is again clearly associated 
with a major fault line (Figure 3.3). The presence of 
contact schists, a peripheral foliation and an internal 
mineral alignment oblique to the margins, when coup- 
led with evidence for a degree of forceful emplacement, 
is suggestive of intrusion into an active strike-slip fault- 
zone. 

Such structural features are remarkable in view of the 
very high level character of this young batholith, so 
closely associated in time with a major, multistage 
peneplanation event (the Puna) that its magmas must 
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have risen very near to the surface. Indeed the overall 
similarity in age and chemistry of the batholithic rocks, 
the accompanying high-level stocks and late-Genozoic 
volcanic rocks, might further suggest the most direct 
connection of a feeder chamber to a volcanic field. If so 
we approach a model of magma forcing its way to the 
surface along an active, deep-reaching fault-system. 

Lacking significant geochemical parameters it is not 
profitable to discuss the origin of the magmas of these 
Cenozoic stocks and batholiths except to note that, at 
the time and in the place of their intrusion, the crust 
must have been relatively thick and rigid, so that a 
crustal contribution is to be expected; as indeed is 
indicated by the crustal signatures carried by the 
Neogene and Quaternary volcanic rocks, the geochem- 
istry of which is the subject of several papers in recent 
publications. Furthermore, in what is presently the 
thickest belt of the Andean crust, the Eastern Cordillera 
of Peru and Bolivia, there are some small monzonitic 
plutons and ash-flow tuffs of mid-Tertiary age that are 
so peraluminous as to be cordierite-bearing (Kontak, 
this volume). These must represent the ultimate term in 
the crustal derivation of magma within a thickened 
crust, and their presence heightens the strong contrast 
between the crust-related magmatic environment to 
which such Cenozoic intrusives belong and the mantle- 
related magmatism associated with the thinned crust of 
the Mesozoic times. 


A comparison of granite types and 
their environments 


During the Phanerozoic, magmatism in the Peruvian 
Andes was always restricted to specific, NNW-trend- 
ing belts, differently located at different times. Only 
from the beginning of the Mesozoic is there any 


evidence of a progressive migration of the locus of 
magmatism (see Cobbing and Pitcher, 1983, Fig. 5), 
but even so there are so many overlaps and lacunae that 
this apparent progression is probably an illusion, the 
magmatism being more realistically viewed as a re- 
flection of different stages in the structural evolution of 
the central Andes, viz. interplate collision, intraplate 
rifting, marginal spreading-subsidence, and plate-edge 
thickening. 

In making a comparison of the various age- 
environmental groups of Peruvian granites, both 
Cobbing (in press) and Dalmayrac and his co-workers 
(1980, p. 233) have pointed to differences, and these are 
summarized in Table 3.1, with the proviso that the data 
are very incomplete. 

The most obvious contrast is between the granitoids 
of the Eastern and Western Cordilleras, yet within both 
of these a further two groupings are apparent on 
compositional as well as environmental grounds. ‘Thus 
in the former location the early, two-mica peralum- 
inous granites, mesozonally emplaced into the 
Palaeozoic slate-belt, differ from the late, biotite- 
hornblende granites, epizonally emplaced within the 
rift-molasse environment of the Permo-Trias. The 
former are likely to represent S-types whilst the latter 
are sufficiently metaluminous to be included within the 
broad grouping of I-type granites. Even so they are very 
different from the more distinctly metaluminous I-type 
granodiorites of the Coastal Batholith that form the 
sub-volcanic core to the marginal volcanic arc of the 
Cretaceous. 

This regional contrast is revealed in the very different 
compositional spectrum—granite as distinct from a 
range tonalite-granodiorite-granite with a basic associa- 
tion—and also in a reversal of the role of the alkalis, in 
significant differences in both the Ca content and the 


Table 3.1 Summary of contrasting features, environments and possible sources of the granitoids of the Peruvian Andes. 


Lower Palaeozoic 


Upper Palaeozoic 


Permo- Trias 


Upper Cretaceous 


Mid-Cenozoic 


Syn- and late-tectonic 
granites of Arequipa 
massif 


Syn- and late-tectonic 
granites of Eastern Cor- 
dillera 


Rift-associated granites of 
Eastern Cordillera 


Granodioritic batholith in 
core of marginal basin, 
Western Cordillera 


Fault-associated grano- 
diorite stocks of the 
Altiplano 


Migmatitic acid and 
dioritic to granitic 
granitoids in possible 
series with hornblende 
biotite granodiorite 


Two-mica granites with 
narrow composition 
range 


Biotite granite ( + horn- 
blende) with narrow 
composition range 


Biotite-hornblende to- 
nalites and granodiorites 
with wide composition 
range. Associated with 
gabbro 


Granodiorites and mon- 
zonites of fine grain and 
porphyritic in biotite 


Early phases very 
strongly deformed 


Early phases strongly 
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S-type granite series of? 
metasedimentary source 


Relatively Ca-poor I- 
type of ? meta-igneous 
source 


Ca-rich I-type (marginal 
cordilleran) of mantle 
source 


I-type (interior cordiller- 
an) of contaminated 
ocean-crust source 


peraluminicity, and also in the Sr-isotope systema- 
tics—as much as this data is presently available in the 
papers cited (and see Kontak, this volume). Such 
differences between types of metaluminous granitoids, 
apparently dependent on whether they occur in sub- 
duction or post-subduction uplift environments, are 
found the world over (Pitcher, 1983) and are well 
exemplified in the South American Andean and the 
European Caledonian mobile belts respectively. 

The rocks of the small, hypabyssal intrusions lying to 
the east of the Coastal Batholith are also composi- 
tionally of I-type and not dissimilar chemically to the 
quartz-diorites and granodiorites of the batholith. 
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However, bearing in mind that their magmas must 
have had to pass through a much thicker and more 
heterogeneous crust than those of the latter it is not 
surprising that the larger intrusions among them show 
some evidence of crustal contamination, to the extent 
that the rocks of the Cordillera Blanca Batholith are 
mildly peraluminous. 

In Peru these differences between the granites offer a 
prime target for geochemical studies on the varied 
source of granitic magma. In what follows we deal first 
with the plutonic rocks of the Eastern Cordillera and 
then with the Coastal Batholith which forms the core of 
the Western Cordillera. 
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The foundation of the Mesozoic and Cenozoic Andes comprises Precambrian metamorphic rocks overlain by continental- 

derived clastics of Lower Palaeozoic age. The latter were converted into slates during an early Hercynian phase of 

deformation, eroded structures of which were covered by a molasse and shallow marine deposits during the Carboniferous. 

During the late Hercynian a mild, coaxial reactivation of the deformation introduced an episode of Permo- Triassic block- 

faulting and the deposition of a red-bed molasse, representing a transition from the compressive regime of the Hercynian to the 
extensional regime of the early Andean. 


Introduction 


Precambrian and Palaeozoic rocks crop out exten- 
sively in Peru south of 13°S along the coast, in the 
Western Cordillera, the Altiplano and the eastern 
Cordillera (Figure 4.1). Between 7° and 13°S these 
rocks are still widespread in the Altiplano and the 
Eastern Cordillera but are unknown in the Western 
Cordillera. Metamorphic rocks considered to be of 
Precambrian and/or Palaeozoic age occur in a few 
islands and in the Ballena offshore borehole 
(Figure 4.1). They are part of the outer shelf high that 
separates the shelf basins from the slope basins and 
ridges of offshore central and northern Peru 
(Thornburg and Kulm, 1981). North of 7°S, 
Precambrian and Palaeozoic rocks are again common 
in all the structural zones of the Peruvian Andes. It may 
thus be said that, with the possible exception of the 
coastal zone and Western Cordillera between 7° and 
13°S, the Mesozoic and Cenozoic Andes are built upon 
a basement of Precambrian and Palaeozoic age. 

Strictly speaking, the Precambrian basement is pre- 
Ordovician, since the first well-dated rocks overlying it 
are Ordovician in age. This basement comprises low to 
high-grade metamorphic rocks that belong mostly to a 
Brasilide orogenic belt about 600 Ma old. Older granu- 
lite facies metamorphic rocks occur along the borders of 
this belt (Figure 4.1). They are the large Arequipa 
Massif partly dated at about 2000 Ma (Cobbing e¢ al., 
1977; Dalmayrac et al., 1977) and the small Pichari 
Massif dated at about 1000 Ma (Dalmayrac ¢i al., 
1980). 


Most of the Palaeozoic rocks are sedimentary. The 
early and middle Palaeozoic strata were derived from 
continental areas mostly made of Precambrian sialic 
crust. They were deformed during the early Hercynian 
orogeny, which is late Devonian to early Carboniferous 
in age. With a few local exceptions metamorphism is 
either absent or of very low grade in the early 
Hercynian belt. Carboniferous and early Permian 
strata overlie this belt unconformably. They in turn 
were folded and faulted during the late Hercynian 
phase of Permian age that was relatively mild and did 
not cause metamorphism. It was followed uncon- 
formably by deposition of overlapping red beds and 
emplacement of volcanic and intrusive rocks during the 
late Permian and early Triassic. 

In summary, with the exception of a few high-grade 
cratonic cores, like the large Arequipa Massif, the 
basement underlying the Mesozoic and Cenozoic 
Andean sedimentary and volcanic rock units comprises 
either metamorphosed or unmetamorphosed but fre- 
quently cleaved rocks, generally well-bedded and con- 
sisting of a high proportion of shales, slates and 
phyllites. Hence most of this basement is not rigid, but 
still able to behave in a ductile way during the Andean 
orogeny. 


Sedimentation and magmatism in 
Cambrian to Devonian times 


From the early Ordovician, and perhaps the 
Cambrian, to the late Devonian, a monotonous sedi- 
mentation of marine shales and sandstones took place in 
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Figure 4.1 Sketch map of Peru showing the tectonophysiographic 
provinces and the main outcrops of Precambrian and Palaeozoic 
rocks. 


a basin that probably covered all of Peru. Carbonates 
are very scarce and so are synsedimentary magmatic 
rocks. A 200-300km wide NW-trending strongly sub- 
siding trough (the Peru-Bolivia Trough) extended from 
Bolivia to central Peru (Figure 4.2). Its northern 
extension is not known as it is concealed by Mesozoic- 
Cenozoic units of the western Cordillera. Between 13° 
and 16°S a thickness of more than 10000 m of early and 
middle Palaeozoic strata has been deposited along the 
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Figure 4.2 Isopach sketch map of early and middle Palaeozoic 
sediments. Isopach contours in metres, in broken lines when in- 
accurately defined. The appelation ‘eroded areas’ corresponds to 
areas where the Palaeozoic sediments have been eroded prior to 
deposition of unconformable Lower Cretaceous strata. Western land 
source according to Isaacson (1975). 
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axis of the trough. Sedimentation was continuous, 
except for a hiatus of Ashgillian age. Both to the NE and 
the SW of the trough, sediments are thinner and 
hiatuses related to partial regressions are common. The 
Arequipa Massif was the major south-western con- 
tinental source area during the Ordovician 
(Laubacher, 1978), and the Silurian and Devonian 
(Isaacson, 1975). The Brazilian shield was emergent 
(Beurlen, 1970) but it is not known whether it was a 
major source area. 


The Pre-Ordovician series in Peru 


The oldest dated Palaeozoic strata known in Peru are 
Arenigian graptolite-bearing slates which outcrop 
north of Cuzco and conformably overlie a 300 to 400m- 
thick conglomerate composed mainly of quartzite cob- 
bles. This latter in turn rests disconformably upon 
quartzites and acidic welded-tuffs of the Ollantaytambo 
series (Marocco and Zabaleta, 1974) which is more 
than 1km thick. Other pre-Ordovician volcaniclastic 
strata from an area 100km east of Cuzco could be in 
part a time-equivalent of this series (Laubacher et al., 
in press). Both are younger than the late Precambrian 
orogeny and may be Cambrian in age. 


The Ordovician 


In most places Ordovician conglomerates and quart- 
zites lie unconformably upon Precambrian basement. 
They are in turn overlain by fossiliferous Arenigian or 
Llanvirnian strata. Black shales bearing graptolites and 
trilobites and a distal flysch series (up to 3000 m thick) 
made of alternating thin layers of shales and fine-grain 
sandstones were deposited during the Arenigian, the 
Llanvirnian and the early Caradocian (Bulman, 1932; 
Dalmayrac ef al., 1980) in the present eastern 
Cordillera between 13° and 15°S.  Fossiliferous 
Llanvirnian shales have also been reported from the 
eastern Cordillera between 8° and 10°S (Lemon and 
Cranswick, 1956; Wilson and Reyes, 1964) and from 
the sub-Andean zone (Bulman, 1932; Davila and 
Ponce de Leon, 1971). 

The late Caradocian series is a flysch sequence 
consisting of medium to coarse-grained sandstones and 
quartzites with a high sandstone/shale ratio. It is 3 to 
4km thick in the eastern Cordillera between 13° and 
15°S and in the adjacent Altiplano NW of Lake 
Titicaca. Gravels are present to the southwest and 
denote the proximity of the Arequipa Massif source 
area. The Caradocian has also been identified in the 
sub-Andean zone but is only 0.5 km thick. In central 
Peru at 10°S, the fossiliferous mid-Ordovician shales 
are overlain by azoic quartzites of probably Caradocian 
age (Dalmayrac, 1978). 

Rocks of early and middle Ashgillian age have never 
been identified in Peru nor in Bolivia. The sea withdrew 
from Bolivia at this time, and the Silurian strata overlie 
different parts of the Ordovician series disconformably 
(Martinez, 1980). In Peru, this event is recorded only 
by a widespread hiatus (Laubacher et al., 1982). 

Altogether, more than 7000 m of Ordovician strata 


were recorded in the eastern Cordillera from southern 
Peru. (Laubacher, 1978) and northern Bolivia 
(Martinez, 1980). The thickness of Ordovician strata 
decreases both to the NE and the SW of the Peru- 
Bolivia trough. It seems that no Ordovician was 
deposited on the Arequipa Massif, with the dubious 
exception of the Marcona area (Figure 4.4). 


The Silurian and the Devonian 


Marine diamictite sediments correlative of the 
glacio-marine strata, called the Cancaniri and Zapla 
Formations in Bolivia and Argentina respectively, have 
been recognized 50 km to the north (Marocco, 1978) 
and 200km to the east of Cuzco (Davila and Ponce de 
Leon, 1971). Their age is bracketed in Bolivia between 
the Caradocian and the late Llandoverian. In Peru they 
can be correlated with the basal strata of the Siluro- 
Devonian sequence from the Altiplano northwest of 
Lake Titicaca. This sequence comprises about | km of 
neritic sandstones and shales. The lower 600 m yielded 
fossils of latest Ashgillian to early Llandoverian age, and 
the upper 400m, fossils of late Llandoverian to 
Ludlovian age (Laubacher et al., 1982). 0.7 to 1.5km 
thick quartzites, sandstones and conglomerates of latest 
Silurian and earliest Devonian age, overlain by more 
than | km of Emsian and Eifelian shales and sandstones, 
comprise the top of this Altiplano section. Scattered 
fossils found in the eastern Cordillera between 13 and 
15°S (Laubacher, 1978; Marocco, 1978) date an 
undivided Siluro-Devonian sequence of shales, silt- 
stones and sandstones more than 2.5km thick. 

The Devonian sea had a larger extent than the 
Silurian sea. Along the Peruvian Pacific coast, marine 
Devonian strata directly overlie the Arequipa Massif 
Precambrian basement west of Arequipa (Paredes, 
1964; Boucot et al., 1980). They are also known from the 
Amotape Mountains in northwestern Peru (Petersen, 
1949; Martinez, 1970) and were identified at many 
places in central Peru (Harrison, 1943; Paredes, 1972) 
where they are at least 2.5km thick. 


Undivided early and middle Palaeozoic series 


In central and northern Peru, many slightly or non- 
metamorphosed rocks which are strongly deformed and 
unconformably covered by late Palaeozoic rocks are 
ascribed to the early and middle Palaeozoic. Most are 
dark flysch-type series with alternating sandstones and 
siltstones. Rare limestones were reported from the 
Yauli dome (Figure 4.1). They are systematically 
associated with olivine-basalts and comprise irregular 
bodies up to some tens of metres thick, some of which are 
rich in crinoid stems (Harrison, 1943; Lepry, 1981). 

Low-grade metamorphic rocks whose age is still a 
matter of controversy but which may be early or middle 
Palaeozoic crop out along the coast of southern Peru, 
around Marcona (Figure 4.3). They overlie a high- 
grade Precambrian basement and are intruded by the 
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Figure 4.3 Isopach sketch map of Carboniferous and early Per- 
mian sediments. Legend as for Figure 4.2. 


(Shackleton et al., 1979). The low-grade metamorphics 
actually belong to two distinct series separated by an 
unconformity (Caldas, 1978). The lower series consists 
of a basal tilloid overlain by marbles with some 
metapelitic intercalations and is about 3000 m thick. 
The upper series comprises a basal conglomerate over- 
lain by marbles about 1500m thick. According to 
Shackleton e/ al. (1979), the age of the ‘undivided low- 
metamorphic assemblages is bracketed between 440 + 
7 Ma, the age of the Atico igneous complex (Figure 4.1), 
and 392 + 22 Ma, the age of the San Nicolas batholith, 
i.e. latest Ordovician to late early Devonian. In contrast 
Caldas (1978) has stated that the lower series is of late 
Precambrian age, and the upper one either late 
Precambrian or, more probably, early Palaeozoic. 
These series from the Marcona area are not easily 
correlatable with the early and middle Palaeozoic rock 
units from the Andes and nor are the metamorphic, 
deformational and plutonic events that affected them. 


Early and Middle Palaeozoic magmatism 


Scarce intercalations of volcanic rocks suggest that 
some volcanic activity was associated with the sinking 
Peru-Bolivia Trough. The occurrence of silicic tuffs in 
the pre-Ordovician Ollantaytambo series has already 
been mentioned. A few beds of redeposited quartz- 
bearing ashes are interspersed in Siluro-Devonian 
strata from the eastern Cordillera near the Peru-Bolivia 
border (Fornari e¢ al., 1982). Apart from the Yauli dome 
basalt flows, basaltic sills, some of which contain olivine, 
are present along the boundary between the sub- 
Andean zone and the eastern Cordillera in southern 
Peru. Locally they attain one-third of the thickness of 
the Silurian and Devonian strata. Because these sills 
have not been observed to cut Carboniferous strata they 
are considered to be Devonian in age. 

The only granitoids emplaced during the early and 
middle Palaeozoic belong to the above-mentioned 
Atico complex and San Nicolas batholith. 
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The early Hercynian belt 


In the eastern Cordillera the sediments deposited 
during the early and middle Palaeozoic were strongly 
deformed by the early Hercynian compression. Strong 
deformation is concentrated along the axis of the basin 
illustrated in Figure 4.2. In northern Bolivia and 
southern Peru, the early Hercynian belt is 200 to 250 km 
wide. It trends WNW but bends sharply at 17°S and 
strikes N—S farther south. To the north, in central Peru, 
it trends NW but its width is unknown, since its western 
part is concealed by the Meso- and Cenozoic units of the 
Western Cordillera (Figure 4.4). 

The early Hercynian belt was eroded and overlain 
with a conspicuous angular unconformity by Missi- 
ssippian clastics (Mégard et al., 1971; Dalmayrac et al., 
1980). In the northwesternmost Eastern Cordillera of 
Bolivia this unconformity is bracketed by Frasnian and 
Tournaisian fossil-bearing series (Martinez, 1980). The 
K/Ar date of 346 + 10 Ma from a post-tectonic adamel- 
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Figure 4.4 The early Hercynian belt in Peru and adjacent Bolivia, 
modified from Dalmayrac ef al. (1980). Number 5 denotes location of 
the cross-section of Figure 4.5. 
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lite in central Peru also gives a minimum age for the 
early Hercynian deformation (Maluski in Mégard, 
1978). 

The best section across the early Hercynian orogen is 
a NE-SW section through southern Peru (Laubacher, 
1978, and Figure 4.5). To the east in the sub-Andean 
zone the series of early and middle Palaeozoic age are 
flat-lying. In the Eastern Cordillera and Altiplano, the 
most conspicuous structures are N30°W to N80° W- 
trending folds and, commonly, a well-developed slaty 
cleavage. In the northeastern flank of the Eastern 
Cordillera, to the northeast the folds are open, upright 
and parallel and axial-plane cleavage is either absent or 
very coarse. To the southwest, they become tighter and 
change progressively to upright chevron folds with 
axial-plane slaty-cleavage. Large individual folds com- 
monly have a wavelength of 1 to 3km. The major 
structure is a 15 to 20km-wide upright anticlinorium 
with a core of Lower Ordovician. Farther southwest, 
the folds become recumbent and southwest-vergent and 
are isoclinal near to the crest of the Cordillera. They are 
associated with large overthrusts that dip to the north- 
east with low angles. The intensity of the deformation 
decreases progressively across the Altiplano and near 
Lake Titicaca, only a few open parallel folds remain. All 
of these folds are I’, -folds. They are locally refolded by 
upright E—W to N40° W— trending small-scale I’, folds 
associated with a vertical axial-plane strain-slip clea- 
vage. Kink bands are also observed. The latter, and 
perhaps even the F, folds and S, cleavage, might be 
related to the late Hercynian folding. If it were 
extended farther SW, the section of Figure 4.5 would 
cross one of the two fossil-bearing outliers of Devonian 
rocks known in the Arequipa Massif. It comprises a 
broad open syncline that might be Andean or early or 
late Hercynian in age. Farther northwest in the 
Arequipa Massif, the Marcona Series, that is partly of 
early and/or middle Palaeozoic age, was strongly 
deformed. Two deformational and metamorphic events 
are recorded in the lower series, whereas only the 
younger events are observed in the upper series (G. 
Carlier, pers. comm.). Both of these events are older 
than the 392 + 22 Ma old San Nicolas batholith and 
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Figure 4.5 Cross-section through the early Hercynian orogen in 
southern Peru. The structures represented at depth are speculative. 


Location is given on Figure 4.4. 


32 


thus cannot be correlated with pulses of deformation 
and/or metamorphism known elsewhere in Peru. 

In central Peru Palaeozoic rocks crop out disconti- 
nuously. This makes it impossible to reconstruct a 
complete section across the Early Hercynian orogen. 
Nevertheless, its structural zoning can be established 
from the sub-Andean zone to the Marafion thrust and 
fold belt of Tertiary age (see Mégard, 1984) that forms 
the northeastern boundary of the Western Cordillera. 
In the sub-Andean zone, the Carboniferous series lie 
conformably or disconformably over Devonian flysch 
(Martin and Paredes, 1977). The next outcrops to the 
west are located in the western part of the Eastern 
Cordillera and consist mainly of Devonian strata in 
which the most conspicuous structures are upright, 
approximately NW-trending F, chevron folds with 
wavelengths from less than a metre to some hundred 
metres and an axial-plane strain-slip cleavage S,. ‘They 
affect both the stratification and an S, slaty cleavage 
lying close to it. A few F, minor folds that trend roughly 
NE have been observed. Farther west, undivided early 
and middle Palaeozoic series outcrop in the Yauli dome 
(Figure 4.1). Prior to the Permian, they were also 
affected by both F, and F, phases of folding (Mégard, 
1978; Lepry, 1981). The F, folds are similar to those of 
the eastern Cordillera. The F, folds are recumbent 
isoclinal, 10 to 200 m in wavelength and amplitude, and 
have a dominant N45°W-trend. S, dips either NE or 
SW with values near to 45°. Low dip inverted strata 
have been observed for about 8km east of Yanahuanca, 
a village 135 km to the NNW of Yauli (Figure 4.1) ina 
flysch series ascribed to the early and/or middle 
Palaeozoic (Dalmayrac, 1978). They are associated 
with F, minor recumbent folds trending N40°W to 
N80°W that are NE to N-vergent. Minerals of the 
greenschist facies developed in the S, axial-plane 
cleavage. Both the strata and S, cleavage were refolded 
by F,, N-S-trending upright folds associated with an S, 
fracture cleavage. 

Metamorphism is generally of low-grade in the early 
Hercynian belt and is associated with F, folding. At 
some places higher-grade gneisses and schists, com- 
monly bearing biotite, cordierite, andalusite or kyanite 
and rarely garnet and staurolite developed in country- 
rock surrounding syntectonic foliated biotite- and 
muscovite-bearing granitoids, like that of Zongo in 
northern Bolivia (Bard et al., 1974). One of these 
granites, located 50 km north of Cuzco, yielded a 330 + 
10 Ma U/Pb age on zircons (Lancelot in Marocco, 
1978). 

Magmatism played a minor role in the early 
Hercynian belt as shown by the restricted number of 
syntectonic granite bodies and their relatively small 
sizes. The unique well-dated post-tectonic granitoid is 
an adamellite from central Peru, that is unconformably 
overlain by Mississippian clastic and volcanic rocks and 
yielded a K/Ar age of 346+ 10Ma on a biotite 
concentrate (Maluski in Mégard, 1978). Other post- 
tectonic granitoides may be present in the large and as 
yet undivided granitic batholith of the Eastern 
Cordillera north of 12°S. 
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Sedimentation and magmatism in 
late Palaeozoic times 


The eroded structures of the early Hercynian belt are 
overlain with strong angular unconformity by late 
Palaeozoic sedimentary rocks. Most of them were 
deposited in continental or shallow-water environ- 
ments. Flysch-type rocks were restricted to the most 
active subsiding troughs. Volcanic rocks are interca- 
lated locally in clastic units of Mississippian and marine 
strata of Pennsylvanian age but the only widespread 
outburst of magmatism occurred during the late 
Permian and Early Triassic. 

The late Palaeozoic sediments have been divided into 
four groups by Newell e¢ al. (1953), which are, from 
bottom to top, the Ambo, Tarma, Copacabana and 
Mitu Groups, respectively of Mississippian, Pennsyl- 
vanian, early Permian and late Permian to early 
Triassic age. 


The Mississippian series 


The Mississippian Ambo Group is a molassic deposit 
related to the erosion of the early Hercynian mountain 
range. It is widespread in the eastern Cordillera 
between 7° and 17°S but is also present along the coast 
of southern Peru and in the Amotape Mountains in 
northwestern Peru. It has been encountered in bore- 
holes in the sub-Andean zone between 13° and 17°S. 
In most places, it is a clastic continental assemblage 
with thin coal seams and it contains many plant 
remains. In the present Eastern Cordillera, the environ- 
ment was paralic in a narrow NW-trending trough, as 
shown by marine intercalations (Wilson et al., 1967; 
Mégard etal., 1971). Greywackes are common in 
central Peru and may be related to the volcanic activity 
that gave rise to rhyolitic welded-tuffs and andesitic 
lava flows along the western border of the trough. 


The Pennsylvanian series 


The Tarma Group consists of terrigemous marine 
strata with carbonate intercalations, and, commonly, 
greywackes. It overlaps the Ambo Group, both east- 
and westward. In the sub-Andean zone, its base is a key- 
unit made of 100 to 400m of bright blue-green grey- 
wackes overlain by shales and shallow-water fossili- 
ferous limestones. A trough existed in part of the 
Eastern Cordillera, between 7° and 15°S, in which up 
to 3km of flysch-like sediments accumulated capped by 
limestones. Its western limit is marked by the transition 
from shallow-marine to continental deposits. To the 
north and the east, the Eastern Cordillera Pennsyl- 
vanian basin was connected to the Amazon trough. To 
the south it was connected with a basin located in the 
coastal zone between 16° and 17°S. To the south-east, a 
gradual transition to Gondwanian continental facies is 
observed in Bolivia. 


The early Permian series 


A pulse of probable tensional deformation and 
subsequent erosion occurred at the end of the Pennsyl- 
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vanian. Thus the Copacabana Group, in many lo- 
calities, directly overlies early Palaeozoic rocks. It 
comprises shelf carbonates, interspersed with black 
shales and sandstones that together may reach up to 
2000 m. At some places, they give way to sandstones 
and coal layers or to coarse-grained red sandstones and 
conglomerates. Fusulinids of Wolfcampian and early 
Leonardian age are common in the limestones. The 
Copacabana Group outcrops in the eastern Cordillera, 
the sub-Andean zone and the Amotape Mountains. 
The early Permian basin of Peru may still have been 
connected with the Amazonian trough. 


The late Hercynian belt 


During the late Leonardian, the early Hercynian belt 
was partly reactivated by the late Hercynian pulse 
of deformation. The resulting structures were sub- 
sequently eroded and unconformably overlain by the 
red terrigenous and volcaniclastic molasse interspersed 
with volcanic rocks of the Mitu Group, which was 
deposited during the late Permian and the early 
Triassic. 

The late Hercynian pulse of deformation includes 
episodes of both folding and brittle tectonics that most 
probably have slightly different ages. The effects of the 
late Hercynian folding have been recognized in the 
southwestern flank of the Eastern Cordillera north of 
Lake Titicaca (Audebaud and Laubacher, 1969). The 
Carboniferous and early Permian strata are thrown 
into asymmetric NNW-trending chevron-folds with a 
wavelength of few hundred metres to a few kilometres, 
that are predominantly west-vergent and with which is 
associated an axial-plane fracture cleavage that locally 
grades into a slaty cleavage. This fold belt is only 80 km 
wide and 150 km long in Peru, but can be followed 
farther southeast in Bolivia. It disappears northwest- 
ward before reaching Cuzco. Late Hercynian N-S 
trending chevron-folds, associated with a steeply dip- 
ping fracture cleavage, have also been recently iden- 
tified 250km southwest of Lima in central Peru 
(Mégard et al., 1983). 

Both inside and outside the areas affected by this 
folding episode, late Hercynian block-faulting is ac- 
tive. Therefore, the Mitu molasse overlaps rock-units of 
different age in adjacent blocks. The late Hercynian 
faults are commonly vertical and many of them trend 
NW. They have large throws but horizontal movements 
also probably occurred. 

Extensional block faulting went on during the late 
Permian and early Triassic, causing the Mitu molasse to 
have a very different thickness in contiguous blocks. 
Concurrently with molasse sedimentation a new mag- 
matic regime appeared: for the first time during the 
Palaeozoic era large amounts of magma were emplaced 
in the present Eastern Cordillera and in the Altiplano. 
Volcanic rocks are commonly andesites, but both 
peralkaline rhyolites and subalkaline basalts were also 
erupted which are typical of an extensional regime, 
either in a back-arc or a rift environment (Noble e/ al., 
1978). In the eastern Cordillera large granitoid bodies 
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were intruded (Capdevila et al., 1977; Lancelot et al., 
1978; Carlier e¢al., 1982), which are discussed in 
greater detail in Chapter 5 of this book. In terms of 
these unique features, late Permian and early Triassic 
times appear as transitional between the Hercynian and 
the Andean periods. 


Concluding remarks 


The main structural event of the Palaeozoic era is 
clearly the early Hercynian orogenesis. Its nature is still 
enigmatic. The Peru-Bolivia basin of early and middle 
Palaeozoic age appears to be an ensialic basin. No 
island arc of this age has been identified. No suture has 
yet been discovered in the fold belt. It was tempting to 
assume that the Arequipa Massif was an exotic block 
that might have collided with or ‘docked’ against the 
continent (see Nur and Ben-Avraham, 1981) and 
caused either the Hercynian or Andean orogeny. 
However, the first results of a paleomagnetic in- 
vestigation performed on a Devonian outlier on the 
Arequipa Massif and on Devonian series near Lake 
Titicaca tentatively suggest that no latitudinal displace- 
ment occurred between both since Devonian times 
(Knight e¢ al., 1983). The stresses that caused the Peru- 
Bolivia trough to be compressed at the end of Devonian 
and/or during the early Mississippian were probably 
transmitted by the rigid Arequipa block and originated 
along its western borders. Subsequently, this western 
border has probably been tectonically eroded along the 
Cenozoic Peru-Chile trench or its Mesozoic forerunner. 
Alternatively the western border may have been shea- 
red by transcurrent faulting and shifted horizontally, 
or rifted and then accreted at a distant place. 
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Figure 4.6 Rclations of the early Hercynian and Andean belts. The 
Maranon and Huancané Andean thrust and fold belts are abbre- 
viated to MTFB and HTFB. Yi, Yauli; Ya, Yanahuanca. 


In southern Peru, the early Hercynian belt is re- 
stricted to the Eastern Cordillera and the Titicaca 
Altiplano. It forms the basement of these Andean 
physiographic and structural units and was obviously 
reactivated during the Andean orogeny. In particular, 
the basement under the Andean Huancané thrust and 
fold belt (Figure 4.6) consists of Palaeozoic rocks that 
belong to the axial zone of the early Hercynian belt; the 
unusual SW-vergence of the Huancané belt might be 
related to the reactivation of an early Hercynian flat 
thrust of the same vergence. The whole of the western 
part of the Western Cordillera is built upon the rigid 
Precambrian Arequipa Massif, that has been sheared at 
low-temperature along flatly SW-dipping thrusts dur- 
ing the Andean orogeny in the region to the NW of 
Arequipa (Vicente et al., 1979). 

North of 13°S, the early Hercynian belt appears to 
have been shifted westward. In particular, strongly 
deformed rocks belonging to its axial zone occur very 


THE HERCYNIAN BASEMENT: A REVIEW 


close to the Andean Maranion thrust and fold belt of the 
western Cordillera (Figure 4.6). If we assume that the 
early Hercynian belt is as wide in central Peru as in 
southern Peru, and if we take into account the fact that 
this belt is slightly oblique to the grain of the Peruvian 
Andes (Figure 4.4) we may logically conclude that it 
forms a major part of the basement of the Western 
Cordillera between the Pisco and Huancabamba de- 
flections (Figure 4.6). It is the contention of one of the 
present authors (Mégard, 1984) that the Andean 
shortening of the Meso-Cenozoic cover in the Marafion 
fold and thrust belt and in the strip characterized by 
chevron-folds and located immediately west of it, was 
absorbed at depth mainly by plane-strain in the still 
ductile Hercynian basement. At least part of the 
difference in tectonic style in the Andes north and south 
of the Pisco deflection might be explained by differences 
in the composition and resulting ductility of the base- 
ment of the Western Cordillera. 
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During the Permo- Triassic the Eastern Cordillera of Peru formed the site of an ensialic rift zone characterized by the 

accumulation of a red-bed molasse and the outpouring of alkaline and peralkaline lavas. Biotite granodiorite and 

monzogranite plutons intrude this assemblage forming a distinctive suite of crustally-derived sub-alkaline granites which 
strongly contrast with the mantle-derived tonalites and granodiorites of the Mesozotc arc of the Western Cordillera. 


Introduction 


The main focus of research in the Central Andes has 
been on those igneous suites which form the Main Arc 
system (e.g., Coastal Batholith of Peru, Atherton e¢ al., 
1979). In contrast, comparatively little attention has 
been paid to the distinctive rocks which constitute the 
areally restricted Inner Arc (Carlier e/ al., 1982; Kontak 
et al., 1983, 1984a), as has been defined by Clark et al. 
(1983 and in press), broadly cospatial with the Cordillera 
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Figure 5.1 The Permo-Triassic igneous province of the Eastern 
Cordillera of Peru and NW Bolivia, after Noble ed al. (1978) and 
Carlier ed al. (1982). Geochronological data for Peru from Lancelot 
el al. (1978) and Laubacher (1978), and for Bolivia from McBride 
et al. (1983). The dashed line shows the outline of Mitu Group rocks. 
SJT refers to the San Judas Tadeo intrusion, as discussed in the text. 
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Oriental of Peru and Bolivia. Whereas the Main Arc 
magmatism was, overall, quasi-continuous from the 
late Triassic (Clark et al., 1976; Aguirre, 1983; Cobbing 
and Pitcher, 1983), mantle-dominated (Harmon and 
Barreiro, in press), and subduction zone-related 
(Stauder, 1975; Barazangi and Isacks, 1976; James, 
1971), Inner Arc magmatism was episodic and, periodi- 
cally, crustal source-dominated (Kontak e/ al., 1983, 
and in press, a), and can only be tenuously related to 
subduction processes. 

The Cordillera de Carabaya region, SE Peru (lats. 
13°30’—14° S; longs. 69°30’—70°40’W ; Figures 5.1 and 
5.2) displays several superimposed igneous suites which 
well illustrate the characteristics of the Inner Arc. We 
focus here on two of these, the alkaline and sub-alkaline 
volcanics of the Permo-Triassic Mitu Group and the 
meta- to peraluminous, predominantly crustally- 
derived, monzogranites and granodiorites of Permo- 
Triassic age, both of which we interpret to represent 
magmatism associated with essentially distensional tec- 
tonics. This magmatism occurred well away from, and 
probably quite independently of, any subduction zone 
which may have been present along the present-day 
littoral of the Central Andes. Shortly thereafter, how- 
ever, the Main Arc system to the west was initiated 
and the Inner Arc became essentially dormant with 
respect to igneous activity (Kontak e¢ al., 1983, 1984), 
until it was affected by ‘outbreak events’ during the 
mid-to-late Tertiary (Clark e/ al., 1976, and in press; 
Clark and McNutt, 1982). 

We present herein results of ongoing petrographic, 
geochemical and geochronological investigations of the 
Permo-Triassic magmatism of the Cordillera de Cara- 
baya region. The geological history of the area has been 
described elsewhere (Newell, 1949; Mégard eéal., 1971; 
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Figure 5.2 Distribution of the Mitu Group volcanics and Permo- 
Triassic granitoids in the Cordillera de Carabaya region of SE Peru 
(after Laubacher, 1978). The distribution of various volcanic suites 
studied and areas where granites were sampled are also indicated. 


Laubacher, 1978; Dalmayrac et al., 1980), but it would 
be relevant to the following discussion to review the late 
Palaeozoic (i.e., Carboniferous and Permo-Triassic) 
geology. In this presentation ages are assigned to 
geological periods using the time-scale of Harland et al. 
(1982), and ages were calculated using the decay 
constants and isotopic abundance values of Steiger and 
Jager (1977). 

The Permo-Carboniferous strata of SE Peru com- 
prise 3000 to 4000 metres of quartzites, shales and 
calcareous sandstones and limestones of the Ambo, 
Tarma and Copacabana Groups, respectively, which 


were deposited in an ensialic basin. Felsic volcanic units" 


occur at the base of the sequence, but nowhere attain 
significant volumes. Sedimentation ceased in the mid- 
Permian, during the ‘late Hercynian’ deformation 
episode (Mégard et al., 1971) which caused moderate 
folding but was not associated with magmatism. 
Following this deformation, extensive alkaline and sub- 
alkaline volcanism (Noble eé al., 1978; Carlier ed al., 
1982; Kontak eal., 1983, 1984, a,b), associated with 
molasse-type sedimentation (Newell e/ al., 1953), occur- 
red along the entire length of the Cordillera Oriental of 
Peru (Figure 5.1). Deposition of the Permo-Triassic 
Mitu Group (MacLaughlin, 1924; Newell et al., 1953) 
was restricted to fault-bounded basins, probably gene- 
rated as a result of stress release following the aforemen- 
tioned tectonism. During late Permian-Triassic time, 
large volumes of granodioritic and monzogranitic mag- 
mas were also emplaced into the Cordillera Oriental of 
Peru and NW Bolivia (Figure 5.1); these were pre- 
dominantly confined to the Mitu Group basins and 
their margins. Thus, the southern termination of this 
intrusive activity in NW Bolivia occurs at appro- 
ximately the same latitude as that of the Mitu Group 
(McBride ef al., 1983). This juxtaposition of the 
volcanic and plutonic suites suggests a possible cause 


and effect relationship which is discussed in more detail 
below. 


Mitu Group volcanics of SE Peru 


The Mitu Group volcanic rocks of the Cordillera de 
Carabaya district have been studied in three isolated 
areas (Figure 5.2). In each locality the volcanics display 
specific compositional features: peralkaline around 
Macusani; alkaline north and northwest of Crucero; 
and shoshonitic in the vicinity of Antauta. The wide 
petrochemical contrasts in a small area raises the 
question of the age relationships. A Late Permian 
(Leonardian)-Triassic age (from 260 Ma to 220 Ma) 
has generally been assigned (Newell ef al., 1953; 
Laubacher, 1978) to the Mitu Group. Field relation- 
ships and new geochronological data, however, suggest 
that Mitu Group volcanism probably extended from 
mid-Permian to early-Middle Jurassic time (i.e., to ¢. 
180 Ma), at least in SE Peru. 

The salient characteristics of the three clans of basic 
volcanic rocks are as follows: 

(i) The alkaline basalts consist of massive, vesicular, 
aphanitic or plagioclase + clinopyroxene + olivine- 
phyric rocks. The volcanic rocks are intercalated 
with thick sequences of terrigenous sediments consisting 
of fine- to coarse-grained, red sandstones and conglo- 
merates which frequently contain basaltic clasts. 

(ii) The shoshonitic volcanics have been described 
in detail elsewhere (Kontak e al., 19846). These 
comprise olivine (Fo,, ,,)-plagioclase + quartz-phyric 
absarokites and orthopyroxene (En,,_,, )-plagioclase + 
quartz + olivine-phyric shoshonites. The association 
of quartz and olivine, both interpreted to be magmatic 
phases, the high Al,O, contents (up to 8.3 wt.%) of the 
orthopyroxene phenocrysts, and the presence of double- 
rim zoning in both the olivine and the orthopyroxene 
(Kontak e¢ al., in press, c) are interpreted to reflect a 
high-pressure origin for these magmas. Their shosho- 
nitic character is supported by the presence of K- 
feldspar as a matrix phase in both the absarokites and 
shoshonites, and by the high potassium content of glass 
in the former. To date, these volcanics have only been 
confirmed to occur on Cerro Moromoroni, near the 
village of Antauta. 

(iii) The peralkaline volcanics are generally apha- 
nitic, but alkali feldspar- and nepheline-phyric varieties 
occur. The phenocrysts have well-developed rhombic 
forms, and these rocks are remarkably similar in 
petrography and composition to those described from 
the Permian Oslo Graben (Neumann, 1979). They are 
apparently restricted to the region around Macusani 
(Figure 5.2) where their thickness exceeds 2000 metres 
(Laubacher, 1978). 

The shoshonitic suite on Cerro Moromoroni confor- 
mably overlies Carboniferous strata of the Copacabana 
Group, and at its base is intercalated with limestones. 
Whole-rock Rb-Sr dating of these volcanics indicates an 
age of 250-270 Ma but a younger age is possible. 
This age is similar to K-Ar whole-rock dates of 245 + 
5.8 Ma and 280 + 7.6 Ma for basaltic flows from the 
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southern shores of Lake Titicaca in northern Bolivia 
(McBride et al., 1983; S. L. McBride, unpubl. data), 
and suggests that extensive volcanic activity was occur- 
ring during Late Permian time in SE Peru-NW Bolivia. 

A second suite of Mitu Group volcanics from the 
thick peralkaline succession north of Macusani was also 
dated using the Rb-Sr method. The flows surround and 
overlie a large peralkaline syenite complex (Francis, 
1956) for which K-Ar biotite ages of 184.2 Ma (Stewart 
et al., 1974) and 173.5 + 3.1 Ma (our unpubl. data) 
have been obtained, thereby providing a minimum age 
for the volcanism. The Rb-Sr results are ambiguous due 
to hydrothermal (?) alteration, but are interpreted as 
bracketing the age in the range 180—200 Ma, that is, 
broadly consistent with the K-Ar data. This Jurassic 
age also suggests that the peralkaline syenite and 
volcanics might represent coeval and cogenetic mag- 
matism for which there is considerable petrological 
evidence (see later), in addition to the field evidence 
previously cited. Itis therefore apparent that at least the 
later stages of the Mitu volcanics were contempo- 
raneous with Main Arc magmatism which was initiated 
in the Pacific coastal region during the Late Triassic- 
Early Jurassic. At present we do not have radiometric 
data for the alkaline basalts, but the location of these 
rocks within the lower portions of the Mitu stratigraphy 
suggests a relatively early period of eruption. 

The three volcanic suites are distinguished on the 
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Figure 5.3. Geochemical data for the Mitu Group volcanics of SE 
Peru: (a) total alkalis v. silica diagram with the alkaline—sub-alkaline 
dividing line from Irvine and Baragar (1971); (b) AFM diagram; (c) 
REE data normalized to the Leedey chondrite (Masuda et al., 1973) ; 
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Figure 5.4 Plot of Zr v. Nb for the Mitu Group volcanics of SE 
Peru. 


basis of their geochemistry in Figures 5.3 and 5.4. The 
alkali basalts and peralkaline volcanics lie in the alkali 
field (Figure 5.3a) according to Irvine and Baragar’s 
(1971) classification, whereas the shoshonites are sub- 
alkaline and occupy the high-Al basalt field of Kuno 
(1969). The three volcanic suites are also distinguished 
on the AFM plot (Figure 5.36), in which the peralkaline 
suite shows relative enrichment in the alkalis, in 
contrast to the alkali basalts and shoshonites which are 
relatively enriched, respectively, in FeO and MgO. The 
relative abundances of other major oxides may also be 
used to distinguish the three suites, for example: (i) the 
peralkaline volcanics are Al,O,-rich and MgO- and 
TiO,-poor; (ii) the shoshonites are characterized by 
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(d) initial Sr isotope ratios for the three volcanic suites. The Sr; value 
for the alkaline suite was calculated assuming a 260 Ma age. The 
crosses represent the peralkaline Macusani syenite complex and are 
discussed in the text. 
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Table 5.1 Trace element geochemistry (% + 


lo) of the Mitu Group Volcanics of SE Peru* 


Aphanitic 
Alkaline ‘Rhomb peralkaline 
basalts Absarokites Shoshonites _porphyries’ volcanics 
Rb 190(18) 118 (7) 222 125 (28) 200 (78) 
Sr 785 (41) 390(10) 342 406 (183) 297 (170) 
Ba 326 (26) 692 (40) 814 393 (166) 704 (90) 
Cr 22(7) 292 242 — — 
Ni 22(6) 38 (2) 54 < 10 < 10 
Vv 242(15) 128 (6) 95 25(14) — 
Zn 166(1) 110 83 57(45) 111(35) 
¥ 37 24(1) 18 36 (4) 70(17) 
Pb 5(3) 24(3) 53 11(8) 8(1) 
Cu 7(1) 29(13) 16 8(1) 3(3) 
+N 3 2 7 3 4 


* All analyses performed by X-ray fluorescence techniques at Queen’s University except for Cu, Pb and Zn 


which were done using atomic absorption techniques. 


+N =number of samples analysed. 


high K,O/Na,O ratios (for subalkaline rocks) and low 
TiO, and total iron contents; and (iii) the alkali basalts 
are enriched in TiO, and total iron. 

The abundances of trace elements (Table 5.1) con- 
firm the individuality of the suites. A plot of the 
incompatible elements Zr and Nb (Figure 5.4) illus- 
trates this: the peralkaline rocks are predictably en- 
riched in both elements when compared to the other 
volcanics. Other trace element characteristics of the 
suites are as follows: (i) the alkali basalts are enriched in 
V, but notably depleted in Ni and Cr relative to the 
shoshonites; (ii) the shoshonitic suite is enriched in Cr, 
Ni, Cu, and Pb, and also in Y for the shoshonites sensu 
stricto. The trace element ranges are compatible with 
the values given by Jakes and White (1972) for 
shoshonites in general except for the higher abundances 
of Rb and Cr, and lesser amounts of Sr in the Peruvian 
rocks; and (iii) the peralkaline suite is enriched in 
Y and V. 

Rare-earth element data for these rocks are sum- 
marized in Figure 5.3c. The alkali basalts and sho- 
shonites show patterns similar to those of alkali basalts 
described by Kay and Gast (1973), displaying marked 
enrichment of the LREEs and strongly fractionated 
HREE patterns, the latter implying the presence of 
garnet as a residual phase in the source region. Similar 
REE patterns and abundances in Neogene shoshonites 
from SE Peru have been shown from calculated models 
to result from a low degree ( < 5%) of high-pressure 
melting of an unfractionated garnet-bearing peridotite 
(Dostal et al., 1977) and we favour such an origin for 
these rocks (Kontak e/ al., 1984). In contrast, the 
peralkaline volcanics show very little fractionation of 
the HREEs and lower abundances of total REEs. 

Sr isotope data for the suites are presented in Figure 
5.3. The initial ®’Sr/®*Sr ratios for all the suites are low 
( < 0.705), implying a mantle source for the suites and 
precluding large-scale crustal involvement in the gene- 
ration of the volcanics, either as a source material or 
contaminant. 

We interpret the field relationships, petrography, 
and geochemistry of the Mitu Group volcanics as 


evidence that several distinct types of mantle-derived 
magma are represented. The suites cannot be related 
petrogenetically by any simple process involving, for 
example, crystal fractionation, and the low initial Sr 
isotope ratios probably eliminate crustal contamination 
as a process. Magma mixing processes (e.g. 
Eichelberger, 1974; Sakuyama, 1978) are also con- 
sidered unlikely (Kontak e¢ al., in press, b). 

Although the data indicate the Mitu Group volcanics 
of the study area comprise several sensibly independent 
suites we have at present no explanation for their spatial 
association. We also note that additional varieties do 
occur outside of SE Peru: for example Noble et al. 
(1978) have described oversaturated, peralkaline vol- 
canics (comendites and pantellerites) from Central 
Peru. 

As previously mentioned, we infer the peralkaline 
volcanics and peralkaline syenite intrusion to be 
broadly coeval. Petrochemical data for these suites are 
compared in Figures 5.3 and 5.4. We consider the 
correspondence sufficiently close to justify our inter- 
pretation of these suites being essentially consan- 
guineous. 


Permo-Triassic granitoids of SE Peru 


The Permo-Triassic granitoid rocks of SE Peru form, 
along with the Bolivian Triassic-Jurassic intrusions 
(McBride et al., 1983), the southern part of a 1200 km- 
long chain of plutons (Figure 5.1). The ages of the 
intrusions span some 60 Ma and appear, in general, to 
decrease in a southeasterly direction. The small San 
Judas Tadeo stock (Figure 5.1), situated some distance 
to the SW of the main swarm of plutons, represents a 
significant exception to this trend. It has generally been 
considered to be of Tertiary age (Newell, 1949; 
Laubacher, 1978), but K-Ar dating of biotite from the 
hornblende-biotite granodiorite and of hydrothermal 
vein muscovite from the associated W-Mo quartz veins 
yields mid-Permian ages of 272.9+5.6 and 262 + 
4.5 Ma, respectively (our unpubl. data). 

In the Cordillera de Carabaya district (Figure D2), 
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the Permo-Triassic granitoid province comprises three 
large (200-1200 km?) intrusions, the Coasa, Limbani 
and Aricoma batholiths. The time of initial intrusion is 
given by U-Pb zircon dates of 234 Ma and 238 Ma for, 
respectively, the Aricoma and Coasa_batholiths 
(Laubacher, 1978; Lancelot ed al., 1978). However, a 
notable discordance between these dates and other 
radiometric data is evident. For example, the Coasa 
granite yields dates of 205 Ma by the Rb-Sr whole-rock 
method, 205-211 Ma using the Rb-Sr method on 
whole-rock-biotite pairs, and 176-210 Ma using the K- 
Ar method for biotites (Kontak, in prep.). These data, 
in conjunction with contact metamorphic assemblages, 
crystallization history, and Al-Si order/disorder re- 
lationships in alkali feldspars (Kontak e¢ al., in press, d), 
are interpreted as evidence for an initial period (c. 
238 Ma) of deep intrusion (at c. 6-10km) which was 
followed at c. 200 Ma by rapid uplift and exhumation. 
Limbani 


Coasa Aricoma 


Ayapata 


K20 


Figure 5.5 Petrological data for the Permo-Triassic granitoids (-) 
and dyke rocks ( + ) of SE Peru: (a) modal analyses of granitoid suites 
in Streckeisen’s (1976) QAP modal diagram with the numbered fields 
referring to (1) granodiorites, (2) monzogranites, and (3) syenog- 
ranites; (b) AFM diagram with the tholeiitic and calc-alkaline 
dividing line from Irvine and Baragar (1971); (c) K,O-Na,O-CaO 
plot; (d) ACF plot of White and Chappell (1977), comparing the 
Peruvian granites to the I-type Coastal Batholith of Peru (CBP; data 
from Barreiro (1982) and Johan e/ al. (1982) ) and the S-type South 
Mountain batholith of Nova Scotia (SMB; data from Clarke and 
Halliday (1980)). Mineral phases are muscovite (ms), biotite (bt), 
hornblende (hb), plagioclase (plg), and cordierite (cd). The dashed 
line separates I- and S-type granite types (after Takahashi e/ al., 
1980). 
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Comparably protracted cooling histories probably af- 
fected the Limbani and Aricoma centres. 

The intrusive rocks are predominantly biotite grano- 
diorites and monzogranites (Figure 5.5a). They show a 
much more restricted range in composition than, for 
example, the subduction-generated calc-alkaline suites 
of the Coastal Batholith of Peru (Atherton et al., 1979), 
Chile (Aguirre, 1983), the Sierra Nevada batholith 
(Bateman et al., 1963), and the Coast Plutonic Complex 
of British Columbia (Roddick, 1983), and correspond 
to the medium-K, calc-alkaline granodiorite trend of 
Lameyre and Bowden (1982). However, the petro- 
graphic features and mineralogy of the three intrusions 
are distinctive, and are briefly described below. 

The Coasa batholith is the largest of the intrusions. 
We have examined the batholith along two traverses, a 
southerly one which crosses the entire intrusion and is 
referred to as the Coasa section, and a more northerly 
one which we term the Ayapata section. The Coasa 
section granitoids are characteristically coarse-grained, 
biotite + hornblende, —rapakivi-textured — monzo- 
granites. However, minor volumes of leucogranite and 
biotite-muscovite-cordierite monzogranite occur. In 
contrast, the Ayapata rocks are medium- to coarse- 
grained, biotite-hornblende + pyroxene granodiorites 
and monzogranites, and are enriched in both mafic 
constituents and orthoclase relative to the more sou- 
therly granites. 

The Limbani batholith consists of fine- to medium- 
grained, biotite-muscovite granodiorite and monzo- 
granite, with minor leucogranite. It is exceptionally 
uniform in its grain size and composition along the 
indicated traverse, in contrast to the Coasa batholith. 
The adjacent Aricoma batholith, which is most pro- 
bably connected to the Limbani intrusion at depth, 
shows a gradation from granodiorite to monzogranite. 
It is similar in texture to the rocks of the Coasa 
traverse, being coarse-grained and rapakivi-textured. 
The Aricoma granites contain biotite as the only mafic 
phase and primary muscovite has not been observed. 

The batholiths are all characterized by ilmenite as 
the sole oxide phase, thereby corresponding to the 
ilmenite-series of Ishihara (1977, 1983). The grains are 
generally subhedral to euhedral, and inclusion-free 
except for rare euhedral apatite crystals, and occur in 
only trace amounts (i.e. < 0.1%). 

Mafic dykes occur along the contacts of, and within 
the intrusions, and have been observed as subrounded, 
1-2 metre diameter inclusions in some parts of the 
Coasa intrusion. These relationships indicate that they 
both pre-dated (or were contemporaneous with) pluto- 
nism, and also post-dated it. The dykes are similar in 
chemistry and mineralogy to the alkali basalts of the 
Mitu Group. 

The geochemical features of the various intrusions 
are summarized in Figure 5.5—8. The suites are all 
subalkaline with respect to Irvine and Baragar’s (1971) 
classification (Figure 5.6a), and correspond to Kuno’s 
(1969) calc-alkaline or high-Al basalt field, except for 
the Ayapata transect samples which are relatively 
enriched in alkalis. The Ayapata suite is also distin- 
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Figure 5.6 Geochemical data for the Permo-Triassic granitoids of 
SE Peru plotted on: (a) alkali v. silica diagram with the alkaline- 
subalkaline boundary (1) from Irvine and Baragar (1971), and the 
high-Al basalt field (2) from Kuno (1969); (b) A/CNK . silica 


diagram. 


guished by an extensive differentiation trend on the 
AFM diagram (Figure 5.54), showing a progression 
from mafic to felsic rocks. In contrast, the other suites 
are considerably more restricted in their range, cor- 
responding to the more felsic limit of the spectrum, with 
ratios of K,O/Na,O (wt.%) exceeding unity (Figure 
5.5c). The suites are peraluminous in nature with 
A/CNK > 1.0, except for the Ayapata granitoids, 
which show a range of values (0.85-1.15) and a 
negative correlation of peraluminous index with in- 
creasing SiO,. In Figure 5.5d the suites are plotted on 
White and Chappell’s (1977) ACF diagram and com- 
pared to data from the I-type Coastal Batholith of Peru 
and the S-type peraluminous South Mountain ba- 
tholith of Nova Scotia. The SE Peru granitoids do not 
show convincing overlap with either of the suites, but 
instead occupy an intermediate position. Note, how- 
ever, that the data for the Ayapata suite show a wider 
spectrum of compositions and extend well into the 
biotite-hornblende-plagioclase, or I-type, field. Also 
shown in the diagram is the dividing line of Takahashi 
et al. (1980) for I- and S-type granites; the Peruvian 
rocks correspond to their S-type field. 

The whole-rock Fe,O,/FeO ratios for the granitoids 
are all less than 0.20 indicating reducing conditions, 
consistent with the presence of ilmenite as the sole oxide 
phase. The low oxidation states of the rocks are similar 
to values reported for S-type suites elsewhere, for 
example in Australia (Chappell, 1978; Price, 1983; 
Flood and Shaw, 1977) and Nova Scotia (Clarke and 
Halliday, 1980). However, the data contrast with the 
values reported for arc-generated, I-type granitoids of 
northern Chile (Haynes, 1975), Peru (Atherton eé/ al., 
1979), and the Sierra Nevada (Carmichael e¢ al., 1974), 
which show both a much broader spectrum of values 
and higher oxidation states. 
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Figure 5.7 Geochemical data for the Permo-Triassic granitoids of 
SE Peru in: (a) Rb versus Sr diagram with the symbols referring to 
Coasa (+), Ayapata (©), Limbani (A); and Aricoma (-). The 
vectors indicate the change in melt composition as a result of 
fractional crystallization of the indicated crystal phases; biotite (bi), 
amphibole (amph), plagioclase (plag), clinopyroxene (cpx), and 
orthopyroxene (opx) (after Beckinsale, 1979); (4) plot of K/Rb v. 
Differentiation Index (DI), with symbols as above. 
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Figure 5.8 REE data for the Permo-Triassic granitoids of SE Peru 
normalized to the Leedey chondrite (Masuda e/ al., 1973). Sample 
number with corresponding silica content is indicated. 


The individual batholiths are also characterized by 
their relative abundances of trace elements. For exam- 
ple, in Figure 5.7a, the suites occupy three groupings, 
with the Ayapata suite showing a relative enrichment in 
Sr, and Coasa a relative depletion compared to the 
Aricoma and Limbani granites. This diagram also 
shows that the suites have undergone variable degrees 
of crystal fractionation: considerable plagioclase frac- 
tionation is required to explain the Rb-Sr trends for the 
Coasa and Ayapata suites of the Coasa batholith. The 
Aricoma and Limbani granites show a more restricted 
range in Rb and Sr contents, although the former shows 
a trend which may indicate biotite fractionation. In 
Figure 5.76 the radically different fractionation trends 
for the areally contiguous Ayapata and Coasa suites 
are illustrated; it is evident that the former shows a 
strong enrichment in potassium. It is not surprising, 
therefore, that the alkali-rich Ayapata suite also con- 
tains higher concentrations of Zr, Nb and Y. 

Rare earth element data for the granitoid rocks are 
presented in Figure 5.8. The Coasa, Aricoma, and 
Limbani suites show very similar patterns, with the 
Coasa and Aricoma granitoids being characterized by 
large Eu anomalies, indicating more extensive feld- 
spar(?) fractionation. Sample COCA-265, a two mica- 
cordierite monzogranite, shows a more distinct, LREE- 
enriched and HREE-depleted pattern. We tentatively 
attribute the latter effect to restite cordierite in the 
source region, contrary to the opinion of Clemens and 
Wall (1981, p. 125) who state that ‘... little HREE 
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fractionation will occur during partial melting’ involv- 
ing cordierite as a restite phase. However, similar REE 
patterns are found for the peraluminous, cordierite- 
biotite + sillimanite monzogranites of Oligo-Miocene 
age in this region (Kontak et al., 1984a). 

The REE patterns for the Ayapata suite are notably 
different from the above in several respects. Most 
obvious are the strong decrease in the total REEs, 
especially LREE, with differentiation, and the strong 
Eu anomalies in all samples. Moreover, the HREE 
patterns are relatively flat, except for that of COCA- 
$11. 

Biotite geochemistry, presented in Figures 5.9 and 
5.10, reflects the distinctive petrological features of the 
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Figure 5.9 Biotite geochemistry for the Permo-Triassic granitoids 
of SE Peru compared to the field of biotites from peraluminous 
granites (after Clarke, 1981). Symbols as in Figure 5.7. 
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Figure 5.10 Biotite geochemistry for Permo-Triassic granitoids of 
SE Peru. Symbols as in Figure 7. The fields for the Coasa and 
Ayapata suites are circled and discussed in the text. The sole Coasa 


granitoid suites. In Figure 5.9, all the biotites plot in the 
field for peraluminous granites as defined by Clarke 
(1981), but in Figure 5.10 notable differences among 
the suites are evident. We emphasize the enrichment of 
the Ayapata biotites in the ferromagnesian elements 
(Cr, V, Ti), and that of the Coasa biotites in Rb and Nb. 
Presumably these contrasts reflect inherent differences 
between the parent magmas. The biotites also plot 
either on or below the Ni-NiO buffer in Ishihara’s 
(1977, 1983) Fe?*—Fe?*—Mg biotite plot. Again this 
is consistent with the reducing nature of the granitoids. 

The petrological data herein summarized suggest 
that the Permo-Triassic batholiths of SE Peru represent 
crustally-derived melts. This is implicit in (i) their high 
and restricted range in SiO, content; (ii) their per- 
aluminous chemistry for both whole-rocks and biotites ; 
(iii) the presence, albeit in small quantities, of per- 
aluminous minerals such as muscovite and cordierite; 
and (iv) the relatively high to very high initial Sr isotope 
ratios of 0.7081—0.7170 for the batholiths (Kontak, 
unpubl. data). However, the granitoids do not strictly 
conform to the criteria for the more commonly cited 
granitoids of crustal derivation, for example, the S-type 
(Chappell and White, 1974; White and Chappell, 
1983) and ilmenite-series (Ishihara, 1977 and 1983). 
Instead, the batholiths are somewhat intermediate in 
their nature between the ‘end members’ of the S-and I- 
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biotite which does not fit the Coasa trend is sample COCA-265, 
previously discussed and referred to as a two mica-cordierite 
monzogranite. 


types, and of the ilmenite- and magnetite-series. 
‘Pitcher (1983) has recently introduced the term ‘I- 
Caledonian type’ to distinguish granites associated with 
the uplift stage of orogenic processes which bear the 
geochemical signature of I-type rocks but show signi- 
ficant compositional differences with respect to the 
Cordillera batholiths (e.g., Sierra Nevada; Coastal 
Batholith of Peru). The SE Peruvian Permo-Triassic 
batholiths share some of the characteristics of this type: 
(i) the associated molasse deposits and associated basic 
volcanism (i.e., the Mitu Group); and (ii) the occur- 
rence of biotite as the predominant mafic phase. 
However, the Peruvian granites have a higher per- 
aluminous index, higher Sr isotope ratios (i.e., 
> 0.709), contain K-feldspar megacrysts, and ilmenite 
as the only oxide phase, all features which Pitcher 
(1983) cites as typical of S-type granites. Therefore, 
while recognizing the crustal provenance of these 
granites it remains difficult to fit them into any 
classification scheme based on the characteristics of 
granites from other terrains. Instead, it is simpler to 
ascribe the chemical and textural features of the 
granites herein studied as due to factors which include: 
(i) heterogeneities in the source region (e.g., Strong and 
Hanmer, 1981); (ii) different degrees of partial melting 
(White and Chappell, 1977) which are controlled by 
the temperature and phases present, and the amount 
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and the chemistry of the fluid phase involved at the site 
of partial melting (Strong, 1980); and (iii) the sub- 
sequent crystallization history. 


Discussion 


The Permo-Triassic magmatism of SE Peru has thus 
far been treated as two distinct igneous suites, viz. the 
predominantly basic Mitu Group volcanics and the 
batholithic granodiorites and monzogranites. However 
the temporal, spatial and tectonic associations discussed 
above suggest to us that they are most probably 
representative of a continuum with a cause and effect 
relationship. A variety of tectonic environments and 
origins for this magmatism have previously been 
hypothesized to account for the associations described 
above. Lancelot e al. (1978) and Dalmayrac et al. 
(1980) favour an extensional tectonic setting with the 
Mitu Volcanics in part representing the effusive equiva- 
lents of the granitoid batholiths. Helwig (1972) attri- 
buted the Permian magmatism to a volcanic arc 
associated with a subduction zone, whereas Vivier eé/ al. 
(1976) and Noble et al. (1978) related the volcanism to 
rifting, the latter authors allowing that a back-arc 
setting was also possible. 

We attribute all Permo-Triassic magmatism in the 
Peruvian Cordillera Oriental to a period of distensional 
tectonics which occurred independent of subduction- 
related processes, at least at this latitude. Late 
Palaeozoic arc-type magmatism was occurring in the 
Andes at this time in central and northern Chile and 
Argentina (Caelles, 1979; McBride efal., 1976; 
Halpern, 1978; Coira ef al., 1982), but its northward 
continuation along the western margin of Peru has yet 
to be demonstrated. In the Eastern Cordillera of SE 
Peru mixed alkaline and sub-alkaline volcanism com- 
menced around c. 250-270 Ma, contemporaneous with 
broadly cospatial molassic sedimentation. This vol- 
canism was apparently accompanied by minor pluto- 
nism along the western margin of the basin at San Judas 
Tadeo (Figure 5.1). This hornblende-biotite grano- 
diorite intrusion has a mineralogy radically different 
from that of the younger batholiths and its petrogenetic 
relationship to Mitu volcanism remains ambiguous. 

Emplacement of the Permo-Triassic batholiths of the 
Eastern Cordillera followed some 10-15 Ma after this 
initial period of volcanism and may have in part been 
coeval with alkaline basalt eruption and dyke intrusion. 
The mineralogy and chemistry of the granitoid rocks 
indicate that they probably represent relatively high 
temperature, ‘dry’ melts derived from partial fusion of 
the lower crust, in which ponded basaltic magma 
related to Mitu volcanism may have created a high 
thermal regime. Partial melting may also have been 
promoted by fluids derived from the same basaltic 
magma upon its crystallization. Similar mantle-crustal 
magmatic associations have been explained by identical 
processes: for example, the anorogenic granites in the 
Proterozoic of Labrador (Collerson, 1983), the 
Younger Granites and alkaline basalts of Nigeria 
(Bowden and Turner, 1974), and the ‘adamellites’ 
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associated with Proterozoic anorthositic massifs 
(Emslie, 1975). However, perhaps the best analogy to 
the present environment is the Permian Oslo paleorift, 
in which early basic volcanism of alkaline affinity 
associated with molasse sediments was followed by 
emplacement of crustally-derived, rapakivi-textured, 
biotite granites (Ramberg and Larsen, 1978). 

This explanation to account for the spatial asso- 
ciation of Mitu volcanism and crustally-derived gra- 
nites is also strongly supported by field relationships. As 
previously noted, the Triassic-Jurassic granite batho- 
liths of NW Bolivia terminate to the southeast at a 
latitude coincident with the southern extent of Mitu 
Group volcanism (McBride e al., 1983). A similar 
relationship is evident for the north-western extension 
of the magmatism (Lancelot e¢ al., 1978). 

The peralkaline volcanism and plutonism in the 
Eastern Cordillera of SE Peru and, possibly, NW 
Bolivia (Ahlfeld and Branisa, 1960), during the Middle 
Jurassic reveals a resumption of wholly or predo- 
minantly mantle-derived magmatism. This suite over- 
laps with Main Arc magmatism of the Central Andean 
Orogen. However, the tectonic implications of this 
temporal and spatial association are not known. 
Subsequent to this event, the Eastern Cordillera be- 
came dormant with respect to magmatism until the 
mid-Tertiary, except for some minor Cretaceous pluto- 
nism. Clark e¢ al. (1983) have emphasized that, al- 
though abrupt areal expansions of the Main Central 
Andean Arc (Clark et al., 1976; Clark and McNutt, 
1982) during the mid-and late Cenozoic ‘overwhelmed’ 
the Cordillera Oriental province of SE Peru and NW 
Bolivia, the latter ‘Inner Arc’ experienced a radically 
different time/space geometry of magmatic activity 
throughout the post-Palaeozoic Andean orogeny. 
Magma generation here occurred predominantly in 
response to a deep and persistent lithospheric discon- 
tinuity, a boundary layer separating the coherent and 
passive cratonic nucleus from the mobile continental 
margin. Whereas an ultimate control on tectonic and 
magmatic events in the Cordillera Oriental and_ its 
antecedents is probably to be sought in the gross 
geotectonic response of the margins of the South 
American continental block to oceanic lithosphere 
accretion and consumption, the mainly pre-Andean 
Permo-Triassic magmatism of SE Peru may realisti- 
cally be considered in isolation from plate boundary 
orogeny and petrogenesis. Closer parallels are evident 
with the igneous activity of ensialic rifts. 
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The marginal basin which forms part of the West Peruvian Trough received upwards of 9000 m of material during the 

Mesozoic, and within the Cretaceous rocks there is a well-defined west-to-east facies change whereby a thick sequence of 

volcaniclastic turbidites and pillow lavas (the ‘eugeosyncline’) thins eastwards, to be replaced by a mixed clastic platform 

sequence. The volcano-sedimentary association and the chemical composition, coupled with the geophysical evidence, suggests 

that the ‘eugeosyncline’ represents an extensional basin similar to that described in Southern Chile. It is into this marginal 
basin that the Coastal Batholith 1s emplaced and contributes to the evolution of new crust. 


Introduction 


The Mesozoic West Peruvian Trough (Wilson, 1963) 
is a fundamental feature of the middle South American 
margin and may be divided into an eastern sedimentary 
sequence about 5000m thick, and a western volcanic 
sequence, between 7000-9000 m thick, considered by 
Cobbing (1978) to represent a classical geosynclinal 
bicouple, viz. a volcanic eugeosyncline and a sedimen- 
tary miogeosyncline, separated by a geanticline 
(Myers, 19755). The transition, called the T’apacocha 
axis by Myers (19754 and Figure 6.1), marks the change 
from virtually undeformed volcanics to moderately 
deformed sediments. However, in the south near the 
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Figure 6.1 The Mesozoic West Peruvian Trough (Wilson 1963) 
showing the volcanic and volcaniclastic nature of the western part of 
the trough and the clastic wholly sedimentary nature of the eastern 
part, with the Coastal Batholith emplaced for the most part in the 
volcanic sequence i.e. marginal basin. T: Tapacocha axis; C.B.F.: 
Cordillera Blanca fault. 


latitude of Lima the volcanic rocks crop out to the east 
of the axis as far as the Cordillera Blanca fault, which 
Cobbing (1978) considered the more important struc- 
ture (Figure 6.1). The West Peruvian Trough is 
subdivided into individual basins which were probably 
interconnected during most of their sedimentary history 
(Cobbing, 1978) and were thought to relate to inde- 
pendent vertical movements of ribbon-like blocks. This 
paper is concerned only with the volcanic (‘eugeosyn- 
clinal’) rocks of the Huarmey basin, near Lima (Figure 
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Figure 6.2. The Huarmey basin to the north of Lima showing the 
extent of its Albian fill and its relation to the other basins of the region 
(Cobbing ef al., 1981). The fill of the other basins is essentially 
sediment and the main subsidence took place at different times to the 
Albian subsidence of the Huarmey basin. Note that the older rocks 
(not shown) in the basin extend south of Lima (Figure 6.3). 
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6.2 and Cobbing e¢ a/., 1981), although a similar basin 
( ~ 300 km long) with a similar fill occurs south of Lima. 

We have recently (Atherton e al., 1983) rein- 
terpreted the ‘eugeosynclinal’ part of the West Peruvian 
trough as a marginal basin on the basis of its fill, the 
geophysical evidence and the chemical composition of 
the rocks. Here we detail the geochemistry of the 
volcanic rocks of the Huarmey basin, and compare 
them to rocks in other marginal basins or spreading 
environments. This interpretation, if correct, has pro- 
found importance in studies of the evolution of the 
continental margin of South America, but also raises 
interesting questions with regard to the development of 
the Coastal Batholith, which in the region discussed is 
contained entirely within the basin (Atherton et al., 
1983). 


The Huarmey basin 


The life of the Huarmey basin extended from the 
Tithonian to the Albian with maximum subsidence in 
the Albian (Figure 6.2). The earliest volcanic rocks of 
the basin appear to the south and belong to the 
Berriasian Puente Piedra Group, some 2000m_ of 
pillow lavas and pyroclastics with intercalations of 
limestone and marine shale (Rivera eé al., 1975). 

These volcanic rocks are succeeded by sandstones 
and shales belonging to part of the Neocomian: the 
continental clastics being derived from the west 
(Cobbing ef al., 1981). Locally acid volcanics of the 
Churin facies of the Casma Group replace the sand- 
stones as in the Huaura area (Cobbing ef al., 1981) 
and represent a transition to the platform facies. 

Above the Neocomian strata lies the Albian Gasma 
Group (Myers, 1980) representing a very active but 
relatively short-lived volcanic phase. It is well de- 
veloped around and to the north of Lima reaching an 
apparent thickness in the Huarmey area of greater 
than 6000m, whilst near Chimbote it has been esti- 
mated to exceed 9000 m (Bussell, 1975). In the north 
the Group thins abruptly near Trujillo. The Casma 
Group only occurs within the westernmost basin of the 
West Peruvian Trough, with thickening and increase of 
pillow lavas towards the west. If, as it is envisaged in the 
sequel, this volcanigenic basin developed by ensialic 
spreading then clearly any totalling of thicknesses is not 
possible. 


Petrology and sequences of the volcanics 
of the Huarmey basin 


Puente Piedra Group. Analysed samples come from the 
Pucusana section at Mala and Punta Lobos, 50km 
south of Lima, and just north of Lima at Marquez and 
Chiquitanta, and at Ancon (Figure 6.3). 

Basic lavas, often pillowed, acid tuffs, breccias with 
granite fragments (pers. comm. L. Aguirre) with in- 
tercalations of sandstone, shale and limestone all cut by 
numerous dykes, characterize the Punta Lobos section. 
At Mala the sequence is mainly basalts and andesites, 
while at Chiquitanta grey banded andesites and tuffs 
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Figure 6.3 Map showing the outcrop of the Puente Piedra 
(Coastal) Group and the Casma Group. Localities where samples 
were collected are indicated. 


occur intercalated with shales. Similar lavas occur at 
Marquez with fossil wood preserved in the tops of flows 
indicating a nearby shoreline. These are intercalated 
with thin limestones, sandstones and shales. At Ancon 
pillow lavas with cherts are interbedded with massive 
lavas. Intercalated breccias contain granite fragments. 
The general correlation of these sequences is shown in 
Figure 6.4. 

In general, the Puente Piedra volcanics are grey, fine- 
grained porphyritic basalts with some pillow lavas 
(Ancon). Plagioclase phenocrysts (up to 5mm) are 
zoned from An, to An,,. The cores are patchy zoned 
and have inclusions of magnetite, clinopyroxene and 
glass. Rims are inclusion-free, but often corroded. 
Euhedral phenocrystic clinopyroxene (up to 2mm) and 
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Figure 6.4 Stratigraphic position and localities of analysed samples 
from the Puente Piedra Group and their approximate correlatives 
(per. comm. L. Aguirre). Rectangles—limestone; dashed 
lines—shale; v—lavas, pillow lavas, tuffs. 


titanomagnetite, which forms euhedral micropheno- 
crysts, occur in some flows. Skeletal opaques plus 
iddingsite in some of the Puente Piedra rocks may 
represent relict olivine. Altered orthopyroxene (?) is 
present in V 28. The groundmass is always fine-grained 
with glass, clinopyroxene and magnetite occurring 
between flow banded plagioclase microlites of similar 
composition to the plagioclase phenocryst rims. V 20 is 
exceptional in containing euhedral hornblende pheno- 
crysts (10mm), with anhedral hornblende plus mag- 
netite and clinopyroxene in the ground mass. V23 and 
V 24 are fine-grained, pale grey-green crystal lapilli tuffs 
with acid-intermediate lava clasts up to 4mm and 
corroded quartz crystals, small feldspar laths and 
broken zoned plagioclase phenocrysts plus pumice 
fragments in a fine ashy matrix. 

From modal data the quartz- and olivine-poor, 
dominant plagioclase-clinopyroxene character of the 
Puente Piedra volcanic rocks is apparent. Hornblende 
is present in one rock only. The norms show similar 
features except for significant olivine in most samples. 
On the ternary molecular plot, normative pyx-plag-ol 
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Figure 6.5 Ternary normative pyroxene-plagioclase-olivine plot, 
showing the olivine plagioclase cotectic and plagioclase tholeiite field 
(Shido, 1971), and the Casma and Coastal (Puente Piedra) volcanic 
rocks. 
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(Figure 6.5), they show a very distinctive distribution 
well away from the presumed olivine plagioclase cotec- 
tic (Miyashiro et al., 1970), very near to the plagioclase 
apex, within the plagioclase tholeiite field. 


Casma Group. The ‘eugeosynclinal’ Casma rocks have 
been studied petrologically and in the field in the 
Huarmey-Huayllapampa (10°S) and the Huacho- 
Churin (11°S) areas in some detail (Myers, 1980; 
Webb, 1976). In this geochemical study rocks were 
selected from well mapped sections at Culebras, 
Huarmey and Pararin (Figures 6.3 and 6.6, Webb, 
1976). The sequence is dominantly made up of pillow 
lavas, tuffs, and hyaloclastites plus minor sediments. 
There is no evidence of metamorphic or continental 
pebbles to indicate weathering from emergent crust 
during most of the deposition; nevertheless clasts of 
granodiorite and porphyry occur in the Upper Albian 
Green Agglomerate Formation. 

Rapid deposition is indicated by slump structures 
and graded bedding, and the pillow lavas show features 
indicative of formation in relatively deep water and 
probably formed from fissure eruptions (Webb, 1976). 
The rocks above the unconformity (Figure 6.6) show 
subaerial characteristics and indicate the end of major 
subsidence of the Huarmey basin. Dykes occur com- 
monly in swarms and with an Andean trend; they are 
vertical or dipping steeply to the west, from 0.2m—8m 
or more in width, and are frequently related to the 
hyaloclastic and pillow lava formations and may be, in 
part, feeders of the lavas. Sills are also common and may 
be indistinguishable from lavas. Together these make 
up very significant proportions of the Gasma outcrop 
(Webb, 1976). Dolerite plugs are also common and 
were thought to be roots of volcanoes by Webb (1976). 
The sedimentary and pillow lava thickening to the west 
indicates that the basin increased in depth in that 
direction and probably some material was derived from 
this direction (Upper Tuff Formation). 

In general the rocks are basalts or andesites with few 
dacites and very few rhyolites, although silicic, pyro- 
clastic volcanics occur in the eastern Churin facies 
which represent the transition into the platform se- 


PARARIN 


Upper Tuff Fm. 


Upper Pillow Lavas Fm. 


Hyaloclastite Fm. 


Lower Tuff Fm. 


Lower Pillow Lava Fm. 


Figure 6.6 Sections through the Casma Group rocks in the 
Huarmey basin at Culebras, Huarmey and Pararin (see Figure 6.3). 
Tentative correlations are shown (after Webb, 1976). 
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quence. The rocks show burial metamorphism, viz. 
zeolite, prehnite-pumpellyite, transitional and green- 
schist facies assemblages produced under a_ high 
geothermal gradient (see Aguirre and Offler, this 
volume). 

Plagioclase is the main phenocryst phase (often as 
laths greater than 2mm in length) with compositions 
varying from: An,,—An,, in the Lower Pillow Lava 
Formation: labradorite in the Lower Tuff Formation: 
An,, and andesine, in the Hyaloclastite Formation; 
oligoclase (An,,—An,,) in the Upper Pillow Lava, 
labradorite (An,,) in the Green Agglomerate 
Formation. Clinopyroxene is the common ferromag- 
nesian phase, though hornblende, frequently after 
pyroxene, is quite common. Olivine is rare and has been 
unequivocally identified in only two rocks (145 and 38), 
although serpentinous alteration in some other rocks 
suggests its previous presence. The matrix of these rocks 
is usually made up of fine-grained plagioclase laths 
(often over 50°% ) sometimes with forked ends, clinopy- 
roxene, hornblende, glass, quartz and opaques, plus 
secondary minerals commonly dominated by epidote 
(Offer e¢ al., 1979). The Churin Facies lavas also 
contain phenocrystic plagioclase, clinopyroxene, and 
are often very fine-grained with a groundmass mine- 
ralogy of quartz, plagioclase, minor hornblende, rare 
biotite and opaque minerals; they are much more acid 
than the rocks of the basin. 

The norms show 
plagioclase-pyroxene mixes with normative olivine in 


similar features, mainly 


26% of the analysed rocks and minor magnetite 
(<5%) and ilmenite (< 2%). On the pyroxene- 
plagioclase-olivine plot (Figure 6.5) most rocks lie on 
the clinopyroxene-plagioclase join but some lie along, 
or near, the presumed olivine-plagioclase cotectic 
(Miyashiro e¢ al., 1970). They are distinctly different to 
the Puente Piedra rocks. 


Dykes 


Various dykes and sills are associated with the Casma 
basinal rocks. The earliest and most common are 
basaltic to andesitic porphyritic dykes, which are cut by 
hornblende porphyries, dolerites and aphanitic and 
‘trachytic’ andesites and basaltic andesites (Webb, 
1976). The earliest dykes contain phenocrystic plagio- 
clase An,,~An,, making up the bulk of the rock and in 
the more glassy types, glass occurs in the centre of the 
phenocrysts. Augite and ilmenite are also present, set in 
a ground mass of the same minerals plus glass (Webb, 
1976). Normatively they are indistinguishable from 
some of the lavas, are not olivine-normative, and like 
the Casma lavas plot in the plagioclase tholeiite field of 
Shido (1971). 


Geochemistry of the volcanic rocks 


Puente Piedra. ‘The limited data on the Puente Piedra 
rocks indicate they are predominantly basalts and 
basaltic andesites (Figure 6.7), and lie in the alkaline 
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Figure 6.7 K,O v. SiO, plot for the Coastal (Puente Piedra) and 
Casma volcanic rocks; note the high-K character of some of the 
Coastal volcanic rocks and the low-K character of some of the Casma 


rocks. Fiele of Churin facies rocks is also shown. 
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Figure 6.8 Na,O +K,O plot of the Coastal and Casma volcanic 
rocks showing the essentially high Al, O, character of the Gasma rocks 
and the alkaline character of some of the Coastal volcanic rocks. 
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Figure 6.10 Plots of Casma and Coastal volcanic rocks: (a) Ti-Zr- 
Y, where A is field of low-K tholeiite; B, ocean floor basalt; C, calc- 
alkali basalt; D, within plate basalt. (6) Ti-Zr, where A is low-K 
tholeiite; D + B, ocean floor basalt; C + B, calc-alkali basalt. (c) Zr/Y 
v Zr, showing the within-plate character of some of the Coastal rocks 
and the island-are character of some of the Casma rocks. 
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and high Al, O, field of Kuno (1966, Figure 6.8). They 
lie on the tholeiite/calc-alkali boundary or in the calc- 
alkaline field on an AFM diagram (Figure 6.9). 
However they do not form a coherent group on the basis 
of major elements, thus the Punte Lobos rocks (V17, 
V18) have higher TiO,, P,O, and much higher K,O 
contents than the other rocks, although all the rocks 
except V1I9 have K,O values exceeding 1.0% 
(Appendix). At first sight the high K,O values might be 
thought to relate to burial metamorphism, especially as 
the same rocks often have high oxidation ratios. 
However these rocks also plot distinctively on relatively 
immobile element plots (Figure 6.10). Notably the 
Punta Lobos rocks (V17, V18) with high Zr and Ti plot 
in or near the within-plate field, and others (V27, V20, 
V28, V19) have calc-alkali basalt/island-arc character- 
istics. Following Peccerillo and Taylor (1976), V17, 
V20, V27 are shoshonitic, V18, V23, V24 belong to the 
high-K series, V28 to the calc-alkali series and V19 to 
the low-K series. 

The trace element patterns shown in Figure 6.11 are 
revealing. Firstly the rather variable nature of the rocks 
is clearly shown. Secondly, the distinction between V17 
and V18 and the rest is very evident. These two rocks 
show a clear enrichment relative to MORB from Sr to 
Yb, at least, strong but decreasing enrichment in Ba, 
Th, Ta and Nb and an almost linear decrease in 
enrichment from P to Yb with an average slight Ti 
enrichment relative to Y and Yb. Cr and Niare strongly 
depleted. These characteristics indicate marked alkaline 
or within-plate components, while the enrichment in 
low ionic potential elements and marked depletion of 
Cr and Ni indicate an island-arc tholeiite component, 
although Y and Yb are relatively undepleted relative to 
tholeiitic mid-ocean ridge basalt. The patterns are best 
interpreted as ‘anomalous’ arc magmas with character- 
istics of alkaline basalts (Pearce, 1982). De Long et al. 
(1975) noted that sodic alkaline lavas occur at specific 
sites in arc systems, e.g. along lateral edges of sub- 
duction zones, or where a fracture zone perpendicular 
to the trench is being subducted. Similar 
anomalous magmas have been found close to con- 
tinents during the initial stages of back arc spreading or 
back arc rifting, e.g. Penguin Island (Weaver ef al., 
1979) and in Southern Chile (Saunders ef al., 1979). 

V19, with a rather odd low K,O content and V28, 
from two different parts of the Punte Piedra section also 
shows somewhat similar features to V17 and V18 except 
the within-plate component appears more subdued and 
the arc component more developed. Both show en- 
richment virtually from Sr to Sm, strong depletion of Cr 
and Ni, and Ti depleted relative to Y and Yb. The 
relatively enriched Th, Ce, P and Sm values suggest 
that a calc-alkali basalt component may be present in 
these rocks. Interestingly Ce is usually enriched relative 
to P, although both are enriched relative to MORB. 
The cause of these enrichments is however unclear 
(Pearce, 1982). 

V20 and V27 have even more arc component but 
apart from Zr are enriched in all elements from Sr to Sm 
indicated a subduced alkali or within-plate component. 
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Figure 6.11 | Mid-ocean ridge basalt-normalized trace element pat- 
terns for typical basalts from (a) the Casma Group, (4) the 
Puente Piedra Group. 


REE data for some of the Puente Piedra basalts 
(Figure 6.12a) demonstrate (a) the basalts with a 
marked ‘within-plate’ component (V18, V17) have 
slightly enriched LREE contents (Cey/Yby; 1.8 and 
2.0) and relatively high HREE; (b) V27 and V20 with 
more arc component are subparallel to (a), and the 
HREEs increase slightly with increasing atomic num- 
ber (Lay/Yby ; 2.0, 1.5); (c) V28 has flat HREE, near 
x 12 chondrite and is distinctly enriched in LREE 
(Lay/Yby ; 3.4). The relatively high and near flat or 
slightly increasing HREE of these lavas suggest the 
source is garnet-free. 


(a) 
100 Puente Piedra basalts 


Rock/chondrite 
r=) 


LaCePrNd SmEuGdTbDyHo Er YbLu 


(b) 


Casma (Churin facies) dacites 


TOO eS and basaltic andesite 


Rock/chondrite 


< 
TAO7 SOOr Oram 


Casma basalts 


LaCePrNd SmEuGd TbDyHoEr Yb Lu 


Figure 6.12 Chondrite normalized REE data for (a) Puente Piedra 
basalts; (b) Casma basalts, basaltic andesites and Churin facies 
dacites and a basaltic andesite. 


Casma. The basinal Casma rocks are low K or calc- 
alkaline basalts and basaltic andesites, except for three 
dacites from Nepefia (Figure 6.7), and fall mainly in the 
high alumina field of Kuno (1966 and Figure 6.8) and 
below the alkaline/subalkaline boundary of McDonald 
(1968). They are about equally divided into low K 
tholeiites and calc-alkali rocks on AFM and K,O-SiO, 
diagrams (Figure 6.9), and there is some suggestion of 
Fe enrichment in the tholeiitic rocks. They are mar- 
kedly different from the Puente Piedra rocks and the 
Calipuy rocks which lie above them (Atherton e/ al., 
1979). The western, basinal facies (‘eugeosyncline’ of 
Cobbing) is geochemically distinct from the eastern 
Churin facies (transitional to the ‘miogeosyncline’) 
which is dominantly made up of dacites and rhyolites 
(Figure 6.7). 

The major element analyses of the basic rocks show 
high Al,O,, low TiO, (< 1.0%) and K,O values 
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(< 1.0%) and variable MgO (4%~-12%). On im- 
mobile element plots (Figure 6.10) they show a co- 
herent grouping within the fields of low-K_ tholeiite, 
island arc and ocean floor basalt, emphasizing not so 
much the inutility of these diagrams, as the primitive 
character of the group as a whole, and their complex 
transitional element character. 

The Casma group has suffered quite extensive burial 
metamorphism (Aguirre e/ al., 1978) and this may well 
have resulted in redistribution of the more mobile 
elements. It may account for some of the scatter in 
Figures 6.7 and 6.8, although in the K,O-SiO, 
diagram there seems little evidence of K addition. 

Two dykes associated with the Gasma lavas lie in the 
high alumina field (Figure 6.8) and near the boundary 
of the calc-alkali/low K field (Figure 6.7). They have 
TiO, contents less than 1%, moderate M/FM ratios 
(~ 0.54) and low K,O values, and are indistinguish- 
able from many of the adjacent lavas in major element 
composition. 


Rare earth elements of the Casma. Chondrite normalized 
patterns for the Casma basaltic rocks are shown in 
Figure 6.126. They are mostly flat or slightly LREE 
enriched, with Ce,/Yb, ratios near to 1. The two 
basalts with the lowest total REE are very slightly 
depleted in LREE. The basaltic andesites have 
Ce ,/ Yb, ratios about 2.0-2.6. Europium anomalies are 
absent. 

Although there is a general tendency for the absolute 
REE abundances to increase with other incompatible 
elements and F/MF ratio (thus V37 has the lowest REE 
and lowest Zr and F/MF’) some Casma basalts (7.110 
and 7.107) are LREE enriched (Ce,/Yb,; 2.0—2.6) 
compared to others, such as V33, with similar F/MF 
and Zr values. Indeed the lack of a good correlation 
between Zr and other incompatibles is significant as is 
the rather narrow range (26-52 ppm) and maximum 
value (52 ppm) in all the basalts analysed. 

The three rocks from the eastern Casma, transitional 
to the shelf, are very different (Figure 6.12), showing 
characteristic LREE enriched patterns with marked 
europium anomalies in the more acid rocks, and flat or 
slightly concave downwards HREE. Ce ,/Yb, values lie 
between 6.8 and 7.1. 

As with the major elements, the REE pattern of the 
dyke cutting the Casma basalts (228) is indistinguish- 
able from the near contemporaneous _ basalts 
(Ce ,/Yb, = 0.9) with REE about nine times chondrite. 


Element relationships 


Simple element comparisons may be misleading in 
attempts to recognize basalts from various tectonic 
settings and it may be more revealing to use ratios or 
element spectral diagrams (Saunders and Tarney, 
1979). The SiO, values, as expected, show little change, 
for quite large variations in M/F'M. Note, however, the 
limited range of Zr in the basalts (26-52 ppm). These 
two indices of fractionation do not simply correlate in 
these rocks which suggests the source mineralogy or 
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Si0n % 


Figure 6.13 Major element plots of Al,O, and MgO against SiO, 
for the Casma volcanic rocks and the Puente Piedra, Coastal rocks. 
Symbols as in Figure 6.10. 


Py,o or Po, or some combination, varied during 
melting, and the M/FM etc. was mainly determined by 
the source parameters, and not by extensive fractio- 
nation. Because of this there are few strong correlations. 
For example, even in the major element Harker plots 
(Figure 6.13), although there are trends above about 
56% SiO,, below this value elements such as Al,O, and 
MgO are quite variable at a given SiO, content. 
With regard to the trace elements, Cr and Ni show 
negative correlations with F/FM and Zr, with very 
strong depletions in the more evolved rocks. There is a 
tendency for the basalts with the highest M/FM values 
to be poorer in Zr, P, Y, Sr and Ba. Little variation is 
-seen in TiO,, Rb and K with M/FM ratio (Figure 6.14, 
cf. East Scotia Sea rocks; Saunders and Tarney, 1979). 
Element plots of all the rocks (including the acid 
Casma) versus Zr show more regular patterns. Thus 
K,O, Sr, TiO, and Y show compact fields for the basalts 
with a rather limited Zr variation (Figure 6.14). The 
more fractionated andesites and dacites have much 
higher Zr and lower Sr values than the basalts and show 
no relationship to them. The Y/Zr plot (Figure 6.15) 
shows similar features with a positive correlation in- 
dicated in the main by the more evolved andesites and 
dacites. GaO/Y plots (Figure 6.15) show both Casma 
and Puente Piedra rocks lie along the calc-alkaline 
trend of Lambert and Holland (1974). The shape of the 
curves, particularly that of the Casma data, fits 
pyroxene-calcic plagioclase fractionation, a feature 
confirmed by the petrology and normative plots (Figure 
6.5). The TiO,/Zr plot (Figure 6.15) shows a strong 
inflection at andesite compositions indicating the effect 
of the incoming of magnetite precipitation on TiO, 
fractionation in the more evolved rocks. The data are 
compatible with the previous suggestion that only the 
more acidic types are fraction-related, a feature not 
obvious from the CaO/Y plot. The basalts appear to 
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Figure 6.14 Plots of K,O v. Zr, Srv. Zr, Ba v. M/FM, Zr v. M/FM, 
TiO, v. M/FM and MgO v, M/FM, for rocks of the Casma Group. © , 
dyke. 


@ Casma 
© Coastal 


oe 
° 
V’ 6 


1.0 e 

ae ‘e ee © 

0.8 a 

0.7 Bee oe ‘o ‘ 

0.6 0°? g e Y ppm 


°\ 


TiO, % 
2 e oe 
0.4 
0.3 *| 
- 7 


30 40 5060 80100 200300 400500 
Zr ppm 


Figure 6.15 TiO, v. Zr, Y v. Zr and CaO v. Y plots for rocks of the 
Casma and Coastal Puente Piedra Group. Vectors calculated from 
Pearce and Norry (1979). 


have formed from different partial melts as indicated by 
the large variation of the Ce/Yb ratio as seen in the Sm 
v. Ce/Yb plot (Figure 6.16). 

Cr/Y relations show a clear fractionation type trend 
to low Cr contents, the most unfractionated rocks lying 
within the overlap of MORB, within-plate basalt and 
volcanic arc fields, of Pearce (1982). Extrapolation 
back to a partial melting curve from a plagioclase- 
lherzolite source (Pearce, 1982) gives 25-35°% melting 
of primordial mantle (Figure 6.17). The Puente Piedra 
rocks from Ancon (V27 and V 28) are very similar to the 
Casma rocks, although they are more evolved, but the 
rocks from Mala and Puente Lobos are higher in Y and 
5-10% melting is indicated for the K-rich rocks (V17, 
V 18). Cr v. Ge/Sr plots of Casma rocks (Figure 6.18) lie 
in the volcanic arc basalt field and the MORB field. 
The Puente Piedra rocks all lie in the volcanic arc field 
and vectors indicate fractional crystallization of 
olivine + spinel + clinopyroxene + plagioclase, which 
may account for the trends seen in Figure 6.18. 

The Hf-Th-Ta discrimination diagram (Figure 6.19, 
Wood, 1979) shows the majority of the rocks plot in the 
destructive plate field, although three rocks lie on the N 
or E-type MORB boundary. 

Trace element patterns of the Casma rocks (Figure 
6.11) show a pattern very similar to IAT with low K, 
high Ba and Ce and P peaks. However, the compatible 
elements Sc, Cr and Ni are significantly higher than 
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Figure 6.16 Smv.Ce/Yb plot of rocks from the Casma and Coastal, 
Puente Piedra Groups. Note the large variation in Ce/Yb ratio, 
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Figure 6.17 Possible petrogenetic pathways connecting the vol- 
canic rocks of the marginal basin with primordial mantle com- 
positions (after Pearce, 1982). 
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Figure 6.18 Petrogenetic pathways indicating possible fraction- 
ation of the marginal basin volcanic rocks from primordial mantle 
(after Pearce, 1982). 
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Figure 6.19 Hf-Ta-Th discrimination diagram (Wood, 1979) 
showing variation towards MORB in lavas from the Casma Group, 
plus an associated dyke. DPB: destructive plate basalts, W PB: within- 
plate basalts. 


IAT. This plus the high M/FM of some of the basalts 
indicates a non-arc component (Atherton et al., 1983). 
In these respects and in others (see REE), the Gasma 
rocks show MORB type characteristics and are very 
similar to basalts from the back-arc spreading centre in 
the East Scotia Sea, specificially dredge 24—cf. trace 
patterns in Tarney et al. (1981, Fig. 5). 


The petrogenetic significance of the 
Casma and Puente Piedra basalts 


The variation in chemistry in back arc marginal 
basins or spreading centres is so great that it is 
hazardous to designate basalts as marginal basin or 
back-arc rocks on chemistry alone. Many have simila- 
rities with those generated at mid-ocean ridges while 
others have characteristics more readily associated with 
island arc and calc-alkaline basalts (Tarney and 
Windley, 1981). Casma basalts have this transitional 
‘arc’-like signature with relatively high LIL to HFS 
element ratios. The more evolved basalts and basaltic 
andesites have calc-alkaline characteristics (see REE, 
Figure 6.12). This may indicate an early stage in 
marginal basin spreading on splitting of a calc-alkaline 
volcanic arc. The moderate LREE enrichment, low Ta 
and Nb seen in some of the Gasma basalts is similar to 
that seen in other ‘ensialic’ marginal basins (Weaver 
et al., 1979). 

The quartz normative character of almost all the 
basalts and their high Al,O, values appear to result 
from a partial melting of water-saturated mantle 
pyrolite (Green, 1973). Water saturation is also in- 
dicated, albeit during extension, by the vesicular char- 
acter of many of the lavas, which were laid down at 
about 2000’ below sea level (Webb, 1976). The large 
amounts of partial melting indicated earlier are also 
compatible with hydrous melting, as water significantly 
reduces the solidus of mantle peridotite (Mysen and 
Boettcher, 1975). 

Previously it was suggested that the Gasma rocks do 
not show a simple systematic variation attributable to 
crystal fractionation from a single source, except for the 
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acid platform dacites. Thus Zr and Ce/Yb data etc. 
suggests that the magmas had little residence time in the 
crust. This is confirmed by the lack of a gross change in 
chemistry upwards in the thickening sequence; indeed 
some of the most primitive basalts come from very near 
the top of the succession. The association with less 
primitive basalts may relate to variations in spreading 
rates. 

Although the Zr plots, e.g. the Zr v. Y plot suggest 
that high level fractionation has a minor influence on 
the variation in composition of the basalts, major 
element modelling from a very primitive basalt, such as 
V37, to produce a more evolved type, such as 389SW, 
requires about 65% of solids removed, in the pro- 
portions: 38% plagioclase, 34°% clinopyroxene; and 
28% olivine. Mineral compositions used initially were 
plagioclase (An,.), olivine (Fo,,) and a pyroxene, all 
from D24, East Scotia Sea back-arc basalts (Saunders 
and Tarney, 1979). Rather better results were obtained 
using a slightly more iron-rich olivine basalt. The 
analogous nature of basalt D24 has been pointed out 
previously. 

Further modelling to generate a composition close to 
a basaltic andesite (7.63), involved 69°% solidification 
ofa mineral mix: 39% plagioclase, 42°% clinopyroxene, 
17% olivine, 2°, magnetite (mineral data as before). 
Using the Zr data and assuming the Kp mineral/melt 
value is near zero indicates that the proportions of solids 
removed in the two cases are 72% and 82%. Although 
these solidification values are higher than that indicated 
from the major oxides, the differences are trivial 
considering the mineral composition, volumes and 
compositions assumed. 

The other incompatible elements in basaltic systems, 
viz. Ti, K, P, Ba and Y which might be expected to 
behave similarly, give values on average indicating 
slightly less solidification (averages: 54° and 68% for 
389SW and 7.63 respectively). Although the modelling 
gives consistent results we do not believe the rocks 
evolved in this manner. Thus the modelling involved 
large amounts of olivine, particularly during the early 
‘fractionation’. Olivine is absent in almost all the 
Casma rocks which are dominantly quartz normative. 
Although fractionation may well have occurred, it 
seems more likely that the Gasma rocks evolved se- 
parately by different melting events and fractionation 
was a minor influence on the variation seen except at 
relatively acid compositions. The presence of clinopy- 
roxene and plagioclase phenocrysts in most of the 
basalts and some trace element distributions e.g. Y—Zr, 
CaO-Y are compatible with some high level fractio- 
nation involving these two phases. The absence of 
olivine in the rocks, although there is a clear imprint of 
its presence at an early stage, suggests it may have been 
left behind, at depth, during the partial 
melting/fractionating event. This feature is compatible 
with the generation of quartz tholeiite on partial 
melting of mantle peridotite under hydrous conditions 
and olivine precipitation on ascent or at some in- 
termediate level (Ringwood, 1975). Separate melting 
events are also likely in view of the Sm/Ce ratios and the 


presence of the most primitive rocks throughout the 
sequence. Cr/Y and Cr/Sr data indicate olivine removal 
and partial melting from a plagioclase lhertzolite source 
with 25°%—40% melting. This is compatible with a 
hydrous source. Confirmation of these conditions pre- 
vailing comes from the flat REE data (Figure 6.12). For 
the REE data of V37, assuming the melting range given 
and near zero Ay (melt/mineral) values the source 
mantle should be about two times chondrite. For the 
less primitive basalts and basaltic andesites, but also 
with flat REE patterns, smaller degrees of partial 
melting are indicated (near 25% or less). The clear 
parallelism of the four lavas and one dyke taken from 
within the whole 9000m of the Casma formation 
indicate the mantle source was probably similar for 
dykes and lavas, differences resulting from variable 
partial melting and fractionation on ascent. 

In discussion a close similarity has been shown to exist 
between the Casma basalts with flat REE patterns and 
dredge 24 basalts from the back-arc spreading centre of 
the East Scotia Sea (Saunders and Tarney, 1979). 
However the Casma rocks are more magnesium-rich 
and are similar or slightly richer in K, Rb, Ba and Sr 
and slightly lower in immobile element contents. The 
magnesium and immobile element values suggest more 
melting and although the rocks show a distinct burial 
metamorphism, the differences in the alkali elements 
are not thought to be due to mobilization; rather to an 
enriched source, presumably due to a long subduction 
history, as indicated by the earlier Puente Piedra rocks. 
In some respects these Gasma basalts are also similar to 
basalts from the narrow inner part of the Gulf of 
California (Saunders é¢ al., 1982). Both may show slight 
decreases from Sm to Lay reminiscent of MORB, even 
though the Ce,/Yby ratios are close to 1. 

The more evolved Casma basin rocks (7.110 and 
7.107) have calc-alkali basalt affinities with peaks at Ce 
and Sm, relatively high P contents, and LREE en- 
richment (Figures 6.11 and 6.12). REE modelling 
indicates that they may have formed by partial melting 
of spinel-peridotite (~ 12%) followed by fractional 
crystallization involving olivine and clinopyroxene 
(4:1 ratio). For the more evolved basaltic andesite 
(7.63), from the Eastern Gasma, either smaller degrees 
of partial melting or a LIL element enriched source 
must be envisaged. The genesis of the Eastern Casma 
dacites is not clear due to the lack of data on these rocks, 
however their similarity in many respects to some of the 
Calipuy dacites, particularly with regard to the REE 
(Figure 6.12), makes it very likely they evolved by 
fractionation involving considerable amounts of 
plagioclase (see Chapter 24). 

The basaltic andesites and basalts from within the 
basin, with LREE enrichment, are very like the less 
evolved Bransfield Straight lavas, which formed during 
the initial stages of back-arc spreading behind the South 
Shetland arc. The Bransfield Straight lavas are LREE 
enriched (Cey/Yby ~ 2 for Deception and Bridgeman 
Islands, Weaver et al., 1979), and have geochemical 
characteristics transitional between those of ocean floor 
basalts and the calc-alkaline lavas of the South 
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Shetland arc (Tarney et al., 1981). In many respects 
these more evolved rocks also resemble rocks from the 
narrowest part of the Chilean marginal basin, viz. 
Sarmiento. REE patterns are very similar to the more 
evolved Casma rocks (Ce,Yb,= 2) with systematic 
increases in incompatible elements such as Ti and Zr. 
Saunders ef al. (1979) suggested the Sarmiento rocks 
were derived from a mantle source enriched in LIL 
elements. 

It is notable that the Tortuga basalts (where the 
basin was wider) and the Gulf of California basalts from 
the gulf mouth show LREE depletion and are more 
akin to normal MORB. There are no equivalents seen 
so far in the Casma basin, although if they are anywhere 
we would expect to find them in the north, near 
Trujillo, as the basin widens in that direction (Atherton 
et al., 1983). Because the rocks from Sarmento and the 
Gulf of California have LREE and LIL element 
enrichment, but low contents of HFS elements such as 
Ta and Nb, it has been suggested these typical calc- 
alkaline characteristics indicate the mantle has been 
variable enhanced in LIL and LREE elements, but not 
HFS elements from a downgoing slab at an earlier 
period. 

It is notable, considering the ‘ensialic’ nature of the 
environment, that many of the basalts do not show 
LREE enrichment (contrast Tarney e¢ al., 1977, for 
basalts from Bridgeman and Deception Islands which 
lie within a young ensialic marginal basin). Like the 
marginal basin rocks from the East Scotia Sea, many 
show similar characters to the Iceland and Reykanes 
Ridge basalts although the Sr and Ba contents may be 
higher. However the basalts also show island arc 
characteristics, such as low Ti, Zr and REE. These 
chemical features suggest the mantle from which the 
marginal basin rocks were produced was variably 
enriched, probably from the Mesozoic at least, and 
different parts of this mantle were tapped to give the two 
main compositional variants. Note the more primitive 
basalts occur throughout the sequence and there is no 
systematic vertical variation which might relate to 
marginal basin evolution. The alternation between the 
two types may reflect variations in the extensional 
environment during basin formation. 


Discussion 


The Huarmey marginal basin of Peru received 
upwards of 9000m of volcanic and volcanigenic ma- 
terial during the Mesozoic. Associated with this marine 
subsidence were coeval basaltic sills and dykes, in- 
distinguishable from the pillow lavas and near coeval 
gabbro intrusions (Atherton ¢¢ al., 1983). The oldest 
rocks of the basin, near Lima, are from the Puente 
Piedra Group with arc and within-plate characteristics. 
These are succeeded vertically by the Gasma basalts, 
with ‘back-arc’ characteristics (Atherton et al., 1983). 

The Casma Formation rocks are marginal or ‘en- 
sialic’ in the sense that they have upper continental 
crustal rocks on either side of the basin. Formerly the 
basement to the latter was thought to be thick and 
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continuous upper continental crust, until the recent 
gravity anomaly modelling of the continental margin 
(see Atherton e¢ al., 1983) which revealed a large arch- 
like structure of 3.0 g/cm? material, beneath the Casma 
basin, indicating crustal rupture and possibly imbricate 
upthrust of oceanic crust or intrusion at depth (Jones, 
1981). The volcanic basin resides within this arch 
structure (Wilson, this volume, Figure 2.6) and is 
clearly related to the ‘splitting’ which produced it; the 
whole coinciding with marked subsidence, intense 
submarine vulcanicity and burial metamorphism re- 
lated to high geothermal gradients (Aguirre et al., 
1978), itself related to emplacement of the more basic 
material from depth. The north-south limits of the basin 
are related to the structural segmentation of the Andean 
belt, and the whole structure is clearly reminiscent of 
the Jurassic to Early Cretaceous ‘back-arc’ extension in 
the Southern Andes (Dalziel, 1981). In both cases new 
crust is made up of basaltic pillow lavas, dykes, sills and 
gabbros, whilst ultramafic rocks are absent and volcan- 
iclastic turbidites typical. The basin is therefore not 
‘ophiolitic’ in an accepted sense, closure did not occur 
because of the ‘protection’ afforded by old blocks to the 
north and south. Neither is it strictly ‘ensialic’ in that 
there is a lack of continuity across the basin, at least in 
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low density upper crustal material (Figure 2.6). 

The cause of splitting/subsidence is not known 
(Atherton ef al., 1983). However the arc nature of 
Puente Piedra rocks is clear so that back-arc spreading 
seems likely to have occurred during the initial for- 
mation of the basin. Subsequent spreading may have 
been arc-induced, but evidence for a much greater 
westerly extent to the continent (Atherton ef al., 1983) 
may argue perhaps for major strike-slip movement or 
‘rip off as is supposed for the Andaman Sea. Certainly 
there is no evidence for an arc system to the west of the 
basin, although this may have disappeared by strike- 
slip movement. Whatever the precise mechanism of 
spreading, the western margin of South America seems 
to have evolved, often by partially ‘encratonic’ spread- 
ing involving marginal basin development, from the 
end of the Palaeozoic (Noble et al., 1978), and although 
spreading was variable along the length of the margin it 
seems to have dominated crustal growth in association 
with the massive tonalitic plutonism. 
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The volcanic and volcaniclastic sequences of the West Peruvian Trough have been affected by hydrothermal-burial 

metamorphism coeval with the deposition. The mineral assemblages produced and the chemistry of the metamorphic minerals 

reflect the type of metamorphic gradient that has operated. A comparison of burial metamorphic patterns at various latitudes 

of the Andean margin shows that they correlate both with the primary chemistry of the metavolcanic rocks and the type of 

marginal basin developed. Thus the geotectonic evolution of a particular terrain in terms of volume and speed of ascending 

mantle-derived material and thinning of the continental crust, can be unravelled by studying the chemistry of the volcanic rocks 
and the alteration pattern recorded in them. 


Introduction 


The volcanic sequences of Mesozoic and Cainozoic 
age, which constitute most of the western Andean 
cordilleras from Colombia to Patagonia, have been 
widely affected by metamorphism. The type of metam- 
orphism displayed is one of low grade in which the rocks 
involved have retained their primary igneous and 
sedimentary fabrics despite alteration. As a result of this 
metamorphism, basalts and andesites have been trans- 
formed to spilites, and rhyolites and dacites to kerat- 
ophyres. Within these rocks, alteration products partly 
or totally replace phenocrysts, pumice fragments, 
shards and groundmass, and crystallize in amygdales, 
pore spaces and veins. Those developed in the more 
basic rocks indicate that a regional low-grade meta- 
morphic facies series, covering part or all the range from 
zeolite to greenschist facies, is represented in the 
Andean volcanic sequences. The regional facies boun- 
daries may be parallel or subparallel to bedding but not 
to the contact of later granitoids which in most places 
have superimposed a set of contact isograds locally 
obliterating the regional metamorphic zoning. 

This pattern of secondary mineralogy generated as 
burial proceeded was the result of an interplay of 
metamorphic gradients at different scales at any given 
time. In some regions, for example in central Chile, 
gradients were largely depth-controlled involving in- 
creasing P,, temperature and temperature-induced 
increase of reaction rates and decreasing fo, down- 


wards in the stratigraphic pile (Levi e al., 1982). In 
others, for example in the Patagonian Ophiolitic 
Complex, availability and composition of circulating 
fluids have been more important than lithospheric 
pressure in the generation of an ‘ocean-floor’, hydro- 
thermal metamorphic pattern (Elthon and Stern, 
1978; Stern and Elthon, 1979). Thus, the term ‘burial 
metamorphism’ throughout this paper should be 
understood as implying various forms which have 
resulted from hydrothermal-burial processes. 

Burial metamorphism in the Andes was first re- 
cognized in central Chile by Levi (Levi and Corvalan, 
1964; Levi, 1968, 1969, 1970) and subsequent studies 
have established its presence in Peru (Aguirre eé al., 
1978; Offer e¢ al., 1980; Offer and Aguirre, in press), 
Ecuador (Raharijaona, 1980) and Colombia (Barrero, 
1979; Espinosa Baquero, 1980; Rodriguez, 1981). 


Burial metamorphism as part of an 
Andean tectonic cycle 


As a result of mapping, several stratigraphic- 
structural units separated by unconformities-have been 
found in north-central Peru (Myers, 1974; Webb, 1976; 
Cobbing ef al., 1981; Cobbing, this volume) and in 
central Chile (Aguirre et al., 1974; Aubouin et al., 1973; 
Levi, 1970; Ruiz et al., 1965); they were formed in 
classical ‘eugeosynclinal’ Andean basins. 

Each unit records a complex, dynamic sequence of 
events constituting a cycle (Charrier, 1973) of an 
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Zeolite facies 
fo ceeed 


fF] Zeolite--prehnite-pumpellyite 
E==j (transitional facies) 


=I Prehnite-pumpellyite facies 


Greenschist facies 


Laramian 
phase 


Subhercynian 


‘SLaramian phase 


3 


ubhercynian phase (Mochica) 


Figure 7.1 Stratigraphic-structural units, metamorphic facies se- 
ries and unconformities in the Andes. (4) Central Chile, (B) Central 
Peru. (From Aguirre ef al., 1978). 


average total duration of 2 x 10’ to 4x 10’ years 
(Aguirre et al., 1974). Each single cycle comprises: (a) 
volcanic activity and deposition accc apanied by 
spreading, subsidence and vertical oscillatory move- 
ments; (b) burial metamorphism progressing with 
subsidence and recording the effects of a culminating 
thermal gradient; (c) a short period of regional compre- 
ssion in which burial isograds have been folded, closely 
followed by the ascent of granitoid magmas and the 
production of narrow contact metamorphic aureoles; 
(d) uplift followed by erosion. 

Abrupt changes in the mineral assemblages of the 
metamorphic facies series have been found in Chile and 
Peru’ when crossing unconformities separating 
stratigraphic-structural units (Figure 7.1). Thus, struc- 
tural unconformities are also mineralogical uncon- 
formities (Aguirre et al., 1978). This is manifested by 
higher-grade metamorphic assemblages in the basal 
part of a stratigraphic-structural unit overlying an 
older unit at the top of which are lower-grade assem- 
blages (Levi, 1968, 1969, 1970; Offler e¢ al., 1980). This 
repetition of metamorphic facies series shown in Figure 
7.1 is consistent with a history of several episodes of 
burial metamorphism each of which took place before 
folding as part of a tectonic cycle as described in the 
previous paragraph (Levi, 1970). Rb-Sr geochronology 


60 


and ®’Sr/**Sr initial ratios of lower Cretaceous basalts 
from central Chile suggest that diagenesis and burial 
metamorphism came to an end about 10 to 20 Ma after 
extrusion of those flows (Aberg ef al., 1984). 

The formation of the ‘eugeosynclinal’ basins where 
these cycles took place in central Chile has been 
attributed by Levi and Aguirre (1981) to a coupled 
action of plate subduction and ensialic spreading- 
subsidence acting alternately or simultaneously al- 
though at different rates. Spreading-subsidence is en- 
visaged as a mechanism similar to that of the oceanic 
crustal extension and subsidence in the Icelandic rift 
zone (Bodvarson and Walker, 1964; Palmason, 1973), 
although taking place within the margin of a con- 
tinental plate in central Chile where it operated 
cyclically. More recently Aberg ef al., (1984) have 
suggested that the ‘eugeosynclinal’ basins are in fact 
marginal basins of an aborted type in the sense that 
rifting, spreading and subsidence took place in an 
ensialic environment without generation of oceanic 
crust as in a marginal basin proper. However mantle- 
derived material in the form of huge volumes of flood 
basalts is present in these aborted basins. The Cretaceous 
‘eugeosyncline’ of the West Peruvian Trough has also 
been interpreted as an extensional marginal basin by 
Atherton et al. (1983) and Atherton e¢ al. (this volume). 


The tectonic evolution outlined above is essential to 
the understanding of the metamorphic phenomena 
recorded in the Andean sequences discussed next. 


Burial metamorphism in the Western 
Peruvian Trough 


Several groups and formations varying in age from 
Jurassic to Tertiary have been studied along sections at 
various latitudes of the country (Figure 7.2). Their 
main features are summarized in Table 7.1. 


Figure 7.2 (a) Peru, location of the geological sections described in 
Table 7.1. 1. Culebras section, Casma Group. 2. Huarmey section, 
Casma Group. 3. Pararin Section, Casma Group. 4. Tapacocha & 
Rio Fortaleza sections, Calipuy Group. 5. Paccho section, Calipuy 
Group. 6. North of Lima sections, Puente Piedra Formation. 7. 
Huarochiri section, Calipuy Group. 8. South of Lima sections, 
Puente Piedra Fm & Lima region section, Casma Group. 9. Ica region 
section, Casma Group. 10. Rio Grande section, Rio Grande 
Formation. (6) Location of the Peruvian and Chilean terrains referred 
to in the text. (A) Peru, area of Figure 7.2(a) (B) Chile, early 
Cretaceous volcanics (26°-36°S). (C) Chile, Ophiolitic Complex of 
Patagonia. 


The Casma Group, a case study of a 
thermal regime: its tectonic 
implications 


Present knowledge concerning the nature and char- 
acteristics of the Andean marginal basins of aborted and 
proper types indicates that a close relationship exists 
between: (a) the metamorphic gradient, (b) the chem- 
istry of the intervening volcanics, and (c) the type of 
basin developed at a particular latitude (see Aberg et al., 
1984). An attempt is made here to explain the reasons 
for that interdependence using the Peruvian Casma 
Group as an example. The three variables referred to 
above will be discussed in sequence and comparisons 
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between the Casma and other Andean volcanic terrains 
will be dealt with in the next section. 


The Metamorphic Gradient 


Since geothermal gradients vary in the terrains to be 
discussed, a semi-quantitative coefficient 7 (intensity) is 
introduced here. It represents the ratio between the 
extent (EZ) of a metamorphic facies series and the 
thickness (7) of the pile in which it has developed, i.e. 
i= E/T. Ecan be expressed in purely qualitative terms, 
ie. a facies series covering the zeolite-greenschist in- 
terval, or in a quantitative way if average temperatures 
are assigned to the facies involved. Thus £ in the 
metamorphic facies series referred to previously would 
have an approximate value of 250° which represents the 
difference between 400° and 150°, the average tempera- 
tures of the greenschist and zeolite facies respectively at 
P=2kb (Turner, 1981, Figure 11.1). Quantitative 
estimations for £ would permit a numerical expression 
for the coefficient 7. A large 7 value characterizes areas 
where extended facies series have developed in thin 
stratified sequences whereas a small 7 value will ge- 
nerally have the opposite meaning. 

In the Casma Group, particularly for the formations 
representing the Upper Casma, values for 7 are high 
since extended facies series, from zeolite to greenschist, 
have developed in thin sequences of rocks (Figures 7.3, 
7.4 and 7.5). Thus, values of 0.70 and 0.57 are obtained 
in the region north of Lima for the Brown Lapilli Tuff 
and the Green Agglomerate Formations respectively. 
These values substantiate the high metamorphic gra- 
dient proposed by Aguirre et al. (1978) and by Offler 
et al. (1980) based on the severe contraction of the 
metamorphic facies and the presence of wairakite, both 
features characteristic of present-day geothermal fields. 
Moreover, the amphiboles belonging to the greenschist 
facies assemblages have moderately high Al,O, con- 
tents, high Al'¥ relative to Al’! and Na in the M, site 
related to the riebeckite substitution rather than the 
glaucophane substitution (Offler and Aguirre, 1984). 
Such chemical features indicate very low pressures and 
high geothermal gradients (Offler and Aguirre, 
1984). Absence of lawsonite and of the pumpellyite- 
actinolite association also suggest that pressure has been 
lower than 3kb (see Liou, 1971) and confirms the 
assumption that the high metamorphic gradient in the 
Casma rocks was essentially the result of a high regional 
geothermal gradient. 

An extended metamorphic facies series including 
greenschist assemblages is still present at the Lima 
region (see Table 7.1). However, at the latitude of Ica, 
about 200km to the south, where the sections are 
incomplete and scattered without obvious stratigraphic 
continuity (Table 7.1), the series is restricted to the 
zeolite and prehnite-pumpellyite facies. This finding, 
together with the absence of wairakite in the Lima and 
Ica sections could be interpreted as indicating that 
geothermal gradients became progressively less intense 
towards the south during the metamorphism, a ten- 
dency that is also suggested on metallogenic grounds 
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Table 7.1 Main characteristics of the low-grade, burial metamorphism, in the Western Peruvian Trough between 10° and 15°S. 


a = as phenocrysts; b = in the groundmass; c = as pseudomorphs; d = as replacement in primary plagioclase phenocrysts; e = albite resulting from albitization of Ca-rich prima 
plagioclase; f = albite resulting from late remobilization of Na-rich fluids; g’ = chlorite, pale-green type; g”= chlorite, brownish type; g’’= chlorite, deep-green type; h’ = pumpellyit 
low-Ca type; h” = pumpellyite, brownish Ca-rich type; i = as replacement in primary ferromagnesian phenocrysts; j = filling amygdules and/or veinlets; k = in the matrix (or cemen 
of tuffs and/or volcanogenic sandstones; | = as replacement in volcanic clasts present in lithic tuffs and/or volcanogenic sandstones; m = as replacement of glass in ignimbritic shard 
n= likely produced by contact metamorphism due to cross-cutting intrusives. 


Group and/or 
Formation 


Calipuy Group 


(A) 


(B) 


(A) 


Casma Group 
(B) 


(C) 


Puente de Piedra 
Formation 


Rio Grande 
Formation 


Location of 
area/section 


Stratigraphy 


Thickness 


Lithology 


Age 


Volcanic 
Geochemistry 


Mineralogy 
(i) Primary 
Minerals 
Biotite 
Clinopyroxene 
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Region north of 
Lima. Several 
sections between 
10°-11°S and 
77°-77°30'W, 
notably the 
Tapacocha, Rio 
Fortaleza and 
Paccho sections 
(Figure 7.2a) 


Lima Region. One 
section, Huarochiri 
to La Pampilla, at 
12°10’S appr. 
(Figure 7.2a) 


According to Webb Top not exposed. 


(1976) and Offer 
et al. (1980) ; see 
Figure 7.3 (see also 
Cobbing, this 
volume) 


c. 3500m 


Basaltic lava flows, 
tuff breccia, lapilli 
tuffs, andesitic and 
dacitic flows, 
laharic deposits and 
flow tuffs of 
andesitic, dacitic 
and rhyolitic 
composition, 
rhyoliti¢ 
ignimbrites. 


Eocene (?) to 
Middle Miocene (c. 
15 Ma.) ? 


See Atherton ef al. 
(this volume) 


a 
a: Ca42 Mg43 
(Fe + Mn) 15 


Base unconform- 
ably resting upon 
volcanics of the 
Casma Group at 
the northern side of 
the Lurin Valley 
between La 
Palmilla and Cruz 
de Laya 


c. 1800m 


Rhyolitic and 
dacitic ignimbrites 
and lava flows, 
predominantly 
pinkish. Breccias, 
lapilli and crystal 
tuffs of similar 
composition 

and colour. 
Volcanogenic 
sandstones. Thin 
intercalations of 
limestones and 
shale. Minor 
basaltic flows. 


Eocene (?) to 
Middle Miocene 
(c. 15 Ma.) ? 


Not studied 


Region north of 
Lima. Several 
sections at appr. 
10°S, notably the 
Culebras, Huarmey 
and Pararin 
sections. (Figure 
7.2a) 


According to Webb 
(1976) and Offer 
et al. (1980) ; see 
Figure 7.3 (see also 
Cobbing, this 
volume). 


ce. 3000m 


(See Figure 7.3) 
Basaltic pillow 
lavas and breccias, 
andesitic flows and 
pyroclastics 
hyaloclastics, minor 
rhyolitic lavas and 
pyroclastics, 
siltstones, 
sandstones, cherts, 
agglomerates. 
Lapilli tuffs 
predominate in the 
Upper Casma 
(Figure 7.3) 


Albian to Late 
Campanian (?) 


See Atherton e/ al., 
1983; also Atherton 
et al, (this volume) 


a: Ca40 Mg43 
(Fe + Mn) 17 


Lima Region. One 
section at appr. 
12°30’S (Figure 
7.2a) 


Top not reached 
(a) Upper Unit 
(b) Middle Unit 
(c) Lower Unit 
Base is the 
Pamplona 
Limestone 
(Aguirre, in prep.) 
(Cf. Osterman et al., 
1983; Cardozo, 
1983 


(a) Tuffs, 
sandstones, shales 
and andesitic lava 
flows. 

(b) Monotonous 
sequence of 
purplish 
basaltic/andesitic 
lava flows (8-12m 
each) 

(c) Alternation of 
tuffs, breccias and 
lavas of 
predominantly 
andesitic and 
basaltic 
compositions. 


Albian to Late 
Campanian (?) 


Not studied 


Ica Region. Three 
sections at 14°15’S 
appr., 20 km south- 
east from Ica: 
Cerros Pan de 
Azticar, Cerro 

Pico ridge and 
Cerro de Arena 
ridge (Figure 7.2a) 


Base and top of 
sections unknown 
due to discontinuity 
of outcrops. 
Possibly 
correlatable with 
the Quilmana 
Group, correlated 
in turn with the 
Casma volcanics 
(See Vol. 2, 
Ingemmet, 1980). 
(See also Cobbing, 
this volume). 


(a) C°Pan de 
Azucar c. 180m 

(b) C°Pico c. 125m 
(c) C°Arena ec. 
300m 


(a) Dacitic crystal 
tuffs and dacitic 
ignimbrites. 
Medium and fine- 
grained red 
volcanogenic 
sandstones, cherts. 
Basic-intermediate 
porphyritic, 
amygdaloidal, lava 
flows. 

(b) Porphyritic 
basaltic flows 
accompanied by 
volcanic 
agglomerates with 
intercalations of red 
volcanogenic 
sandstone, 
breccious lava flows 
and tuffaceous 
breccias 

(c) Porphyritic 
basaltic flows, 
volcanic breccias 
and water- 
deposited tuffs. 


Middle Albian to 
Cenomanian (acc. 
to Bol. 2, 

Ingemmet, 1980). 


See Atherton and 

Aguirre (in prep.) 

also Atherton ef al. 
(this volume) 


a,b 


Several sections 
between latitudes 
11°14’s and 

12°30’S (coastal 
area from Ancén to 
Pucusana). (Figure 
7.2a) 


Ancon member 
Ventanilla member 
Marquez member 
Marmol member 
Chillon member 
Puente Inga 
member 
Chuquitanta 
member 

Bottom 

(After Rivera e/ al. 
1975, 1980). 


> 2000 m for the 
formation as a 
whole 


Andesitic, partly 
amygdaloidal, lava 
flows. Pillowed, 
amygdaloidal 
basaltic lava flows 
(mainly the Ancon 
member) Water- 
laid tuffs, partly 
welded. Fine to 
medium-grained 
volcanogenic 
sandstones. Chert, 
fossil-bearing shales 
(Puente Inga 
member specially) 
containing relictic 
flora and fauna. 
Dacitic to trachytic 
lava flows (sp. in 
the Pucusana area). 


Berriasian (Rivera, 
1951, based on 
fossil fauna). 


See Atherton ef al., 
1983, and Atherton 
et al. (this volume) 


a,b 


14°58’S/75°27’/W 
Coastal Palpa regior 
(One section) (Figui 
7.2a) 


(a) Upper Unit 
Unconformity 

(b) Lower Unit 
(Aguirre, in prep.) 


(a) > 2000m 
(b) ¢. 500m 


(a) Porphyritic, 
partly pillowed, K- 
rich calc-alkaline 
andesites. Minor 
intercalations of 
reddish 
conglomerates, 
agglomerates and 
brick red, cross- 
laminated, 
volcanogenic 
sandstones. 

(b) Red 
agglomerates, fine tc 
medium-grained red 
volcanogenic 
sandstone, 
conglomeratic 
sandstone and 
conglomerates. 
Breccious silicic lava 
flows, silicic 
ignimbrites, 
fossiliferous limeston 
and calcareous 
sandstone, greenish 
tuffs. 


(a) Bathonian- 
Callovian 164+4™ 
K/Ar wh.r for ‘frest 
andesite 

(b) Aalenian- 
Bajocian (Ruegg, | 
(fossil fauna & floré 


See chemical analy 
of lavas in 
Appendix A 


a: Ca38 Mg4l.5 
(Fe + Mn) 2.5 


Table 7.1 (Continued) 


BURIAL METAMORPHISM IN THE WESTERN PERUVIAN TROUGH 


Group and/or Puente de Piedra Rio Grande 
Formation Calipuy Group Casma Group Formation Formation 
(A) (B) (A) (B) (C) 
b b: Ca43, Mg40, bg 
(Fe + Mn) 17 
(common) 
b: Cal4, Mg47, 
(Fe + Mn) 39 
(exceptional) 
Hornblende a a a (rare) 
Iron oxide a,b 
Olivine ac ac ac ac ac ac 
Plagioclase a: An (52-61) Ab a,b a: An75-An90 a,b a,b a,b a,b 
(38-49) Or (1-2) (very low Or) a: An,, Ab,, Or, 
b: An50 Ab48 b 
Or2 (in basaltic 
flows) 
Quartz a,b a,b 
(ii) Metamorphic 
Minerals 
Actinolite kn d,j b 
Albite de, be de, if de, An2—An8 in de, be, le, fj de, be, fj de, be de, be, fj 
cases up to 
An15~—An17, be 
Amphibole s.1. k, i 
Analcite d,j 
Andradite j j k 
Baryte 
Biotite b,d b, i(?) 
Calcite b, d, j i,j b, j, k, j: Ca94.1, a, i, j,k, 1 b, d, i, j j j 
Mg 2.9, Mn 0.9 
Chalcedony j j j 
Chlorite b, d, i, j dg”, ig’, j d, i, j, b d, i, b,j, & 1 bg’, bg”, d, i, j k, j d, i, j 
Epidote 4, 4,.J dn, j b, d, j, d: d, i, b, j, 1 d, j d 
Ps13—Ps32, 
(Ps = Pistacite) 
Ferr-Act. Horn. d 
Ferro-Hornb. : d 
Hematite i i k i 
Heulandite j 
Iddingsite i i i 
Tron oxide ~ s.1. bi b 
K-Feldspar d 
Laumontite j jp & j 
Prehnite d d,j d, i, b, j, 1 d d d,i 
Pumpellyite d, j,k dn (?) d, j d, i, b, j, 1 d, i, j d,j dh’, dh”, jh” 
Quartz | i,j j j j k, j 
Rutile b 
Serpentine s.1. i 
Smectite b, d, i, m b, d, i, j, k b, i, k d, k, j d 
Sphene b, i,j i b b, d, j k d 
Tourmaline kn 
Vermiculite b (?) 
Wairakite j 
White mica d, j dn, i b d,j,1 d d;.& d 
Zeolite s.1. j,m j j 
Zoisite d (?) j k 
Microprobe See analyses of Not available See analyses of Not available Not available Not available See analyses of 
analyses representative representative minerals from the 
minerals in minerals in andesitic lava flows 
Appendix B Appendix B. in Appendix B. 
Metamorphic Facies Zeolite and Zeolite Zeolite, prehnite- Zeolite, prehnite- Zeolite and Zeolite and Zeolite and prehnite- 
Series prehnite- pumpellyite and pumpellyite and prehnite- prehnite- pumpellyite. 
pumpellyite greenschist facies greenschist facies, pumpellyite pumpellyite 
(See Figures 7.4, (Pumpellyite, 
hd) generally 
accompanied by 
epidote, is mainly 
present in rocks of 
the Ancon member 
and is very rare in 
rocks of the other 
units, 
This feature 
probably reflects a 
compositional 
control), 
Physical conditions P low and T P low, T low P low and P low and P low and T P and T low. Fluid P and T low to 
of metamorphism moderate to low. geothermal geothermal moderate mobility moderate — moderate. Mobility o 


gradient high. High 
rate of water/rock 
interaction favoured 
by permeability 


gradient moderate 
to high 


fluids moderate to 
high. 


MAGMATISM AT A PLATE EDGE: THE PERUVIAN ANDES 


Age Group Formation & member] Lithology Thickness Depositional 
(metres) environment 
MIDDLE Upper Ash flow tuff Ash flow tuffs of andesitic, 
MIOCENE (?) Calipuy| member dacitic and rhyolitic com- 
(15 m.y.) Fm. position. > 1500 
Lower Upper lapilli Laharic deposites, tuff, ash Terrestrial 
tuff member flows. Andesitic and dacitic 
compositions predominate | 800 
Lava flow member | Porphyritic andesite flow 60 | > 3460 | 
CALIPUY | Calipuy 
Lower lapilli Lapilli & fine tuffs with | 
tuff member interbeds of tuff breccia | 750 
Fm. Flow & tuff member | Andesitic lava flows & 
thin interbedded tuffs 350 | 
LATE 
CAMPANIAN VYVVVVVVNVYYVVVVVYVVVVVAN SRA E DA NYE RVV AUDEN ANSON NERS DANN ARUN AVN VVVVVVVVVVOVON NEN ASAE ANV VANS A PVVVVVEV VV VV VVVVVEVVVVVVVEVOV VOR VV ANSE AVES D EVAN NR DDDONN DE FIN ASO SSN SAREE LAP ALAS Unconformity 
(~70m.y.) 
Agglomerates, lapilli tuffs, | 
Andesitic and basaltic flows Wr eccusctal 
Brown lapilli tuff Rhyolitic welded and graded | Sunes 
Fm. lapilli tuffs 358 
CASMA an nAntAnniinineniinaninanannaaedaniiainanaewvrnsadl wiki ea RRNA EI RE ee) «= conformity 
(Upper) 
Andesitic amygdaloidal & 
Green Agglomerate porphyritic flows, agglo- Terrestrial 
Fm. mer ates & tuffs 442 
ea SS cc 
~ m.y. 
Massive andesitic to 
rhyolitic pyroclastic flows. Shallow marine 
Tuffs & foraminiferal sand- 
Upper tuff Fm. stones interbedded | 240 
HSSSsaaa danas uaSDEDOSSEDSODDDSSDOOSODDTD DODD DANI ADDD DDD ADSND DENDDD NDAD INDI INND DID DDDIDDDIDDDIDDDIDIDI DNDN ADD DDLADIED) SRD SSNS | Disconformity 
| Thinly bedded siltstones, | 
thin massive sandstones, 
Upper sedimentary quartzites, mudstone, cherts, | 
Fm. rhyolitic lavas 100-300 
Basaltic to andesitic 
pillow lava flows and pillow 
CASMA Upper pillow lava lava breccias. | 
(Lower) Fm. Thin tuffs 390 
2300 Shallow marine 
Basaltic to andesitic 
pillow lava breccias, 
Hyaloclastite I'm. minor pillow lavas & tuffs 420 
Lower tuff Fm. Andesitic lapilli tuffs 550 
MIDDLE SSS SSS SSS Re pee Disconformity 
ALBIAN Basaltic pillow lavas and 
(~ 105m.y.) Lower pillow lava I'm. breccias | 500 


Figure 7.3. Composite stratigraphic section for the Cretaceous and 
Tertiary rocks of the Peruvian Trough. (From Offler e¢ al., 1980). 


according to Cardozo and Wauschkuhn (in press). 
Nevertheless, the important fact is that, compared with 
the older and younger lithologic units included in Table 
7.1, the Casma Group at the three latitudes studied has 7 


= 
rea 
o 
3. 
ro) 
o 


Green 
Agglomerate fm 


values one degree of magnitude greater. This consistent 9, “Upper Tut 
‘ ‘ Oo gpper 
feature is seen as the result of an abnormally high & oe fm 
. . . . pper Pillow 
geothermal gradient operating in this segment of the < Lava_fm 
5 si f : ® Hyaloclastite 
South-American Pacific margin during the early to < 
middle Cretaceous. Lower Tuff fm 
Lower Pillow 
The chemistry of the volcanic rocks Lava fm 


Oo 500m 
pe 
The chemical characteristics of the Gasma volcanics - Sox italien: ot Bada ical 
. . Bt re /. istributudon of metamorphic minerals in the Casma 
north of Lima have been studied by Atherton ed al. te, ‘baad ee ee ws bane caer” tae — 
roup, region north of Lima. H = heulandite, L = laumontite, 


(1983) and by Atherton e¢ al. (this volume) and in the W = wairakite. (From Offler ef a/., 1980, modified). 


64 


CALIPUY unconformity 


BROWN LAPILLI TUFF FM 
=unconformity —<—_—__—— 

GREEN AGGLOMERATE FM 
unconformity(LATE ALBIAN 100my)__ 
UPPER TUFF F dis 
UPPER SEDIMENTARY FM ; 


UPPER PILLOW LAVA FM 


CASMA 
HYALOCLASTITE FM 


LOWER TUFF FM 


disconformity 

LOWER PILLOW LAVA FM 

0 500m (MIDDLE ALBIAN 105 my) 
aw) 


Zeolite facies 


= Prehnite-pumpellyite facies 


Greenschist facies 


aie dis disconformity 


Figure 7.5 Distribution of metamorphic facies in the Casma 
Group, region North of Lima. (From Offler et al., 1980). 


Ica region by Atherton and Aguirre (in prep.). 

North of Lima, the volcanic rocks are low-K or calc- 
alkali basalts and basaltic andesites having a tran- 
sitional ‘arc-like’ signature with relatively high LIL to 
HFS element ratios. The more evolved basalts and 
basaltic andesites have calc-alkali characteristics. This 
may indicate an early stage in marginal basin spreading 
or splitting of a calc-alkaline arc. The moderate LREE 
enrichment, low Ta and Nb seen in some of the Casma 
basalts are similar to those seen in other ensialic 
marginal basins (Atherton ef a/., 1983; Atherton et al., 
this volume). 

South of Lima, in the Ica region, the rocks are more 
evolved, being calc-alkaline or high-K in character 
with characteristic LREE enrichment. Low-K tho- 
leiitic rocks are absent. 


The type of marginal basin developed 


Basaltic pillow lavas associated with gabbro and, 
locally, with dyke systems are conspicuous and wide- 
spread among the Casma volcanics; their geochemical 
features have been interpreted as representing mantle- 
derived material extruded in an ensialic marginal basin 
(Atherton e¢ al., 1983; Atherton e¢ al., this volume). This 
marginal basin would correspond to the aborted type 
since no ophiolitic suites representing oceanic crust 
have been generated. However, thinning of the con- 
tinental crust may have been extreme. Recent gravity 
anomaly modelling of the continental Pacific margin at 
several latitudes between 9°S and 27°S (Jones, 1981; 
Couch et al., 1981) would support the marginal basin 
hypothesis. Thus, at latitude 9°S an uplifted block with 
o = 3.0Mg/m* immediately underlying a rock unit with 
o = 2.75 Mg/m* corresponding to the Casma Group is 
present (see Wilson, Atherton, this volume). This block 
is envisaged as representing mantle-derived material 
risen during the Cretaceous and directly responsible for 
the thinning of the continental crust, its extension and 


BURIAL METAMORPHISM IN THE WESTERN PERUVIAN TROUGH 


the generation of the Casma volcanics. Further south, 
the geophysical sections show the progressive disap- 
pearance of the high density, uplifted ‘horst’ which is 
no longer apparent at the latitude of Mollendo (17°S). 

In conclusion, an analysis of the three variables 
suggests that the Casma Group rocks: (i) were gene- 
rated during the formation of an aborted marginal 
basin; (ii) are characterized by a transitional arc 
signature and, (iii) were affected by burial low-grade 
metamorphism which bears the imprint of a high 
geothermal gradient (i.e. high z value). 


Other Andean terrains compared 


(1) The early Cretaceous volcanics of Central 
Chile (26° — 36°S, Figure 7.26). 


Information concerning these volcanics is mainly 


from Levi (1969) and Aberg et al. (1984). 


Metamorphic gradient. ‘The metamorphic facies series 
present in this stratigraphic-structural unit includes the 
zeolite, prehnite-pumpellyite and greenschist facies and 
is developed in a thickness of approximately 10000 m 
(Figure 7.1) (Levi, 1968, 1969, 1970; Aguirre et al., 
1978). Its 7 coefficient is small ( ~ 0.03) and suggests a 
moderate to low metamorphic gradient which is lower 
than recorded in the Gasma volcanics of Peru. 


Chemistry of the associated volcanic rocks. Flood basalts 
representing approximately 60 000 km’ extend along a 
coastal belt, particularly between 28° and 36°S, and 
constitute the largest volume of this stratigraphic- 
structural unit. They have a low ®7Sr/*°Sr initial ratio 
(0.7038—0.7040) but are more evolved than the Casma 
volcanics (Aberg ef al., 1984). A calc-alkaline affinity is 
suggested by their Zr/Ti/Y ratio though a tholeiitic 
character might be inferred from their high Fe content 
and low Mg/Fe ratio. A high K content is typical of 
these lavas (Aberg e¢ al., 1984). According to Aberg e¢ al. 
(1984) flood basalts in this belt chemically resemble 
lavas of a corresponding SiO, content found in 
other parts of the continental margin (e.g. 
Central-Southern Chile, Chavez and Nisterenko, 
1974; Lopez—Escobar et al., 1977) and in the inner part 
of continental island arcs (e.g. northwestern Japan, 
Katsui ef al., 1978). Their low ®’Sr/*°Sr initial ratio and 
their homogeneity and large volume suggest a mantle 
source, while contamination with mantle-derived crus- 
tal material would account for their evolved character. 
The flood basalt stage was preceded in this area by 
volcanism of bimodal nature with large volumes of 
rhyolitic and dacitic ignimbrites alternating with basal- 
tic flows similar in mineralogy, texture and chemistry to 
the later flood type. 


Type of marginal basin developed. Based on structural, 
petrological and chemical arguments, Aberg ef al. 
(1984) have concluded that during the early 
Cretaceous, intracontinental rifting, spreading and 
subsidence generated an aborted marginal basin in 
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central Chile. Slow spreading below this basin is 
thought to be reflected by the chemistry of the flood 
basalts. 

In short, in central Chile the formation of an aborted 
marginal basin was accompanied by the extrusion of 
mantle-derived, K-rich evolved basalts, which were 
affected (shortly after) by burial low-grade metamor- 
phism under a moderate to low geothermal gradient 
i.e. with a low 7 value. 


(2) The late Jurassic-early Cretaceous Ophiolitic 
Complex of Patagonia 


This area has been studied extensively by several 
authors in the last twenty years (Katz, 1972; Dalziel 
etal., 1974; Stern and Elthon, 1979; Dalziel, 1981 and 
many other workers). For location see Figure 7.26. 


Metamorphic gradient. A metamorphic facies series 
extending from the zeolite to the upper actinolite facies 
is developed in a 2000 m thick section of the Ophiolitic 
Complex (Elthon and Stern, 1978; Stern and Elthon, 
1979). According to Stern and Elthon (1979) the 
actinolite facies is broadly correspondent to the amphi- 
bolite facies of regional prograde metamorphism. They 
consider the metamorphism to be of the hydrothermal 
‘ocean-floor’ type and their data indicate a high 
geothermal gradient (7 ~ 0.20). 


Chemistry of the volcanic rocks. Gabbros, sheeted dykes 
and pillow basalts characterize the Patagonian 
Ophiolitic Complex (Dalziel e al., 1974). The basalts 
and basic dykes have a tholeiitic magmatic affinity 
(Stern, 1980; Saunders e¢ al., 1979); the least differen- 
tiated basalts (Tortuga Complex) are olivine normative 
(Sudrez, 1977; Stern, 1980) and show flat to slightly 
LREE depleted patterns (Stern, 1980). As a whole, 
their chemistry is akin to ocean ridge basalts rather than 
to island arc tholeiites (Suarez, 1977; Saunders et al., 
1979; Stern, 1980). 


Type of marginal basin developed. ‘The marginal basin 
proper with generation of oceanic crust (Ophiolitic 
Complex) was developed here during an extensional 
period considered to be an expression of mantle dia- 


pirism (Katz, 1972; Dalziel et al., 1974; Bruhn et al., 
1978; Dalziel, 1981, and several others). 


Low-grade metamorphism, magmatism, 
tectonics: some general conclusions 


The various cases described above demonstrate that 
along the Pacific margin of South America, a close 
interdependence between metamorphic gradient, vol- 
canic chemistry and type of marginal basin existed 
during the Cretaceous. In general terms where oceanic 
crust was generated, or the thinning of the continental 
crust was extreme, coeval basalts are of a primitive 
nature and are affected either by ocean-floor metamor- 
phism or burial metamorphism controlled by high 
geothermal gradients. Conversely, where marginal ba- 
sins are of an aborted nature, the contemporaneous 
basalts are of an evolved character. They are calc- 
alkaline and are affected by burial metamorphism 
under moderate to low geothermal gradients. 

An explanation for this interdependence of variables 
is presented and is based on the model of Aberg et al. 
(1984) who suggested that the Andean marginal basins 
were generated by a mechanism of spreading- 
subsidence acting in response to mantle diapirism. This, 
in turn, is thought to be the result of induced convection 
(e.g. Hsui and Toksoz, 1981), mantle plumes (e.g. 
Sengor and Burke, 1978; Anderson, 1981) or other 
processes. According to Aberg et al. (1984), rate and 
volume of upwelling of mantle-derived material, and 
the thickness of the continental crust, are probably the 
main controlling factors in basin generation processes. 
Features resulting from slow upwelling and moderate 
volumes of mantle-derived material, and from rapid 
upwelling and large volumes of mantle-derived ma- 
terial, are presented in Table 7.2. Each set of character- 
istics can be fitted to one of the terrains described earlier 
in this paper. 

It is concluded that the tectonic evolution of a 
particular segment of the Andean margin can be 
successfully unravelled by using as indicators the burial 
(or ocean-floor) metamorphic pattern and the primary 
chemistry of the meta-volcanic rocks. These same 
criteria could be applied to other terrains in different 
tectonic environments. 


Table 7.2 Relationship between upwelling rates and volumes of mantle-derived material and the metamorphic, volcanic and geotectonic 


features of Andean terrains. 


Slow upwelling and moderate volume of 
mantle-derived material 


Rapid upwelling and large volume of mantle-derived material 


B 


Small to moderate amount of thinning of 
the continental crust. crust. 


Metamorphic gradient moderate to low. 

Small 7 value. Burial metamorphism. 
metamorphism. 

Long residence of mantle-derived material 
in a continental crust environment. 
Contamination is favoured. Evolved 
basalts are generated. 

An aborted type of marginal basin is 
developed. 

Example: The early Cretacous volcanic 
basin of central Chile (Aberg et al., 
1984). al. this volume). 


is formed. 


High to extreme thinning of the continental 


Metamorphic gradient high to extremely 
high. Large 7 value. Burial 


Short residence of mantle-derived material 
in the continental crust environment. 
Contamination prevented. Primitive to 
slightly evolved basalts are generated. 

An extreme type of aborted marginal basin 


Example: The Casma basin of north-central 
Peru (Atherton ef a/., 1983; Atherton et 


Rupture of the continental crust. Generation 
of oceanic crust represented by ophiolitic 
suites. 

Metamorphic gradients extremely high. 
Large 7 value. Hydrothermal, ocean-floor, 
metamorphism. 

Mantle-derived material directly extruded 
(no continental crust). Primitive basalts 
are formed. 


A proper type of marginal basin is 
developed. 

Example: The Ophiolitic Complex of 
Patagonia (Katz, 1972; Dalziel et al., 
1974; Dalziel, 1981). 
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Chemical analyses of a lava flow, Rio Grande 
Formation. (Aguirre, in prep.). 


A B Cc 

(base (centre (top of 

of flow) of flow) flow) 
SiO, 52.61 56.12 52.02 
TiO, 0.88 0.89 0.76 
ALO, 16.24 16.90 15.00 
Fe,O, 6.67 6.58 To2 
FeO 0.91 1.71 0.60 
MnO 0.18 0.11 0.08 
MgO 4.67 3.68 2.61 
CaO 2.96 6.87 4.31 
Na,O 5.67 3.54 6.59 
K,O 3:21 2.78 2.65 
P,O, 0.32 0.32 0.28 
H,O* 3.31 1.38 2.87 
H,O7 0.41 0.41 0.48 
co, 0.60 0.04 1.78 
Other 
volatiles 0.52 0.26 2.32 
TOTAL 99.16 101.59 99.87 
FeO,/MgO 1.62 2.25 3.11 
ppm 
Ba 1393 704 584 
Rb 64 110 77 
Sr 290 393 180 
¥ 31 30 28 
Zr 208 217 190 

Appendix B 


Representative microprobe analyses of primary and metamorphic minerals in rocks of the Rio 
Grande Formation (Aguirre, in prep.), Casma Group (Region North of Lima, Offler and 
Aguirre, 1984) and Calipuy Group (Region North of Lima, Aguirre in prep.). 


Key to the analyses 


1. RIO GRANDE FORMATION (andesitic lava flows of the upper unit, Table 7.1) 


N° Analysis Mineral Observations 

1 Plagioclase Phenocryst, primary. 

2 Plagioclase Phenocryst, primary 

3 Plagioclase Albitized, metamorphic (type e Table 7.1) 

4 Plagioclase Albitized, metamorphic (idem) 

5 Plagioclase Late albite vein in albitized plagioclase phenocryst 
(type f Table 7.1) 

6 Plagioclase Late albite in vein (type f Table 7.1) 

7 Clinopyroxene Phenocryst, primary 

8 Clinopyroxene Phenocryst, primary 

9 Pumpellyite Ca-poor variety, patch inside plagioclase phenocryst, 
CAMBRIDGE microprobe, Manchester Univ. 

10 Pumpellyite Ca-poor variety, same crystal as in 9, CAMECA 
microprobe anal. Manchester Univ. 

11 Pumpellyite Ca-poor variety, patch inside plagioclase phenocryst, 
CAMBRIDGE microprobe anal. Manchester Univ. 

12 Pumpellyite Same as in 11, CAMECA microprobe, Manchester 
Univ. 

13 Pumpellyite Patch inside plagioclase phenocryst 

14 Chlorite Pale-green type (g’ Table 7.1), replacement in 
primary ferromagnesians 

15 Analcite Filling amygdales 
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RIO GRANDE FORMATION (Aguirre, in prep.) 


Analysis 1 2 3 4 5 6 7 

SiO, 53:37 53.92 68.65 68.72 69.35 68.75 51.03 

TiO, 0.00 0.00 0.00 0.00 0.00 0.00 71 

ALO, 28.31 28.00 19.42 19.87 = 19.28 19.34 1.90 

FeO, 97 .78 40 25 0.00 0.00 12.71 

MnO 0.00 0.00 0.00 0.00 0.00 0.00 41 

MgO 0.00 0.00 29 25 0.00 0.00 14.40 

CaO 12.11 12.00 30 33 0.00 0.00 18.37 

Na,O 4.01 4.26 11.31 11.46 11.32 11.40 41 

K,O .63 72 10 0.00 0.00 0.00 0.00 

Cr,O, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Total 99.40 99.68 100.47 100.88 = 99.95 99.49 99.94 

oxy 8.00 8.00 8.00 8.00 8.00 8.00 6.00 

Si 2.442 2.447 2.989 2.978 3.019 3.010 1.926 

sl 0.000 0.000 0.000 0.000 0.000 0.000 .020 

Al 1.527 1.498 .997 1.015 989 .998 085 

Fe 037 .030 .015 .009 0.000 0.000 401 

Mn 0.000 0.000 0.000 0.000 0.000 0.000 013 

Mg 0.000 0.000 .019 016 0.000 0.000 810 

Ca 594 584 014 015 0.000 0.000 743 

Na 356 375 955 963 956 968 030 

K 037 .042 006 0.000 0.000 0.000 0.000 

Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Total 4.991 4.976 4.993 4.996 4.964 4.975 4.027 

Analysis 8 9 10 11 12 13 14 15 
SiO, 51.56 36.56 37.30 34.49 36.61 36.80 29.66 55.61 
TiO, 52 0.00 18 0.00 0.00 0.00 0.00 0.00 
ALO, 1.55 19.75 21.91 20.03 21.70 26.02 15,89 21.81 
FeO, 12.09 8.58 8.67 10.57 8.31 3.67 21.22 0.00 
MnO .38 0.00 53 25 OT 0.00 88 0.00 
MgO 14.70 7.02 4.61 5:31 6.08 71 17.95 29 
CaO 18.23 14.98 17.38 15.49 16.65 22.62 11 0.00 
Na,O 0.00 26 1.34 44 54 0.00 87 12.96 
K,O .16 31 28 22 .22 .14 04 0.00 
Cr,O, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 99.19 87.46 92.15 86.80 90.48 89.96 86.62 90.67 
oxy 6.00 24.50 24.50 24.50 24.50 24.50 28.00 7.00 
Si 1.950 6.300 6.164 6.100 6.126 6.089 6.214 2.391 
Ti 015 0.000 022 0.000 0.000 0.000 0.000 0.000 
Al 069 4.011 4.268 4.176 4.280 5.075 3.924 1.106 
Fe 382 1.237 1.198 1.563 1.163 508 S718 0.000 
Mn 012 0.000 074 037 052 0.000 156 0.000 
Mg .829 1.803 1,135 1.400 1.516 175 5.605 019 
Ca 39 2.766 3.078 2.936 2.985 4.011 025 0.000 
Na 0.000 .087 429 151 175 0.000 353 1.081 
K .008 .068 048 050 047 .030 O11 0.000 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Total 4.004 6.272 16.418 16.412 16.345 15.888 20.006 4.596 


2. CASMA GROUP (region north of Lima) 


N° Analysis Mineral Observations 

1 Plagioclase Phenocryst, primary 

2 Plagioclase Phenocryst, primary 

3 Clinopyroxene Phenocryst (centre), primary 

4 Clinopyroxene Phenocryst (edge), same crystal as 3 

5 Pumpellyite In basalt 

6 Pumpellyite In basaltic andesite 

7 Chlorite In basaltic andesite (highest FeO, and lowest MgO 
contents of all the analyses) 

8 Chlorite In andesite (lowest FeO, and highest MgO contents 
of all the analyses) 

9 Biotite In andesitic tuff 

10 Actinolite In andesitic tuff 

11 Epidote In basalt (highest Al,O, and lowest Fe,O, contents of 
all the analyses) 

12 Epidote In andesite (lowest Al,O, and highest Fe,O, contents 
of all the analyses) 

13 Wairakite In basalt (amygdules) 

14 Heulandite In basaltic andesite 

15 Sphene In basaltic andesite 

16 Sphene In andesite 


BURIAL METAMORPHISM IN THE WESTERN PERUVIAN TROUGH 


CASMA GROUP (region north of Lima) (Offler and Aguirre, in press) 


Analysis 1 2 3 + 5 6 vi 
SiO, 45.19 47.98 51.07 51.56 36.72 36.69 24.23 
TiO, 0.00 0.00 46 40 (0.00 0.00 0.00 
Al,O, 34.67 32.20 2.09 2.09 19.02 24.43 17.18 
FeO, 60 7011.23 12.19 12.32 5.37 32.60 
MnO 0.00 0.00 41 40 (0.00 12 73 
MgO 27 0.00 14.44 13.68 1.75 2.79 10.75 
CaO 18.17 16.48 18.83 18.76 21.94 22.09 09 
Na,O 1.10 2.54 73 .79 47 47 0.00 
KO 0.00 11 0.00 0.00 ~—-0.00 0.00 12 
Cr,O, 0.00 0.00 Ast 130.00 0.00 0.00 
Total 100.00 100,01 99.37 100.00 92.22 91.96 85.70 
oxy 8.00 8.00 6.00 6.00 24.50 24.50 28.00 
Si 2.088 2.210 1.930 1.941 6.250 6.015 5.520 
Ti 0.000 —-0.000 013 011 0.000 0.000 0.000 
Al 1.888 1.748 093 093 3.816 4.721 4.613 
Fe .023 .027 355 384 1.754 736 = 6.211 
Mn 0.000 0.000 0.13 0.13 0.000 0.17 141 
Mg 019 0,000 813 .768 444 682 3.650 
Ca .900 813 762 757 4,001 3.880 .022 
Na .099 227 .053 .058 .155 149° 0.000 
K 0.000 006 0.000 0.000 0.000 0.000 .035 
Cr 0.000 0.000 .003 004 0.000 0.000 0.000 
Total 5.017. 5.032 4,036 4,028 16.420 16.200 20.191 
Analysis 8 9 10 11 12 13 14 
SiO, 27.47 35.35 51.18 36.85 37.66 56.62 59.45 
TiO, 0.00 2.92 0,00 0.00 ~—-0.00 0.00 0.00 
ALO, 19.27 14.31 2.95 27.67 22.43 22.75 17.50 
FeO, 17.40 27.46 20.93 10.51 14.95 0.00 0.00 
MnO 26 15 45 15 16 0.00 0.00 
MgO 22.20 7.18 10.17 0.00 ~—-0.00 34 30 
CaO 0.00 0.00 11.30 23.87 23.57 10.77 6.04 
Na,O 0.00 40 96 0.00 0.00 1.73 1.37 
K,O 0.00 8.52 0.00 0.00 0.00 0.00 76 
Cr,O. 0.00 0.00 0.00 0.00 ~—-0.00 0.00 0.00 
Total 86.60 96.29 97.94 99.05 98.77 92.21 85.42 
oxy 28.00 22.00 23.00 12.50 12.50 6.00 6.00 
Si 5.620 5.555 7.661 2.932 3.079 2.032 2.249 
Ti 0.000 345 0.000 0.000 0.000 0.000 0.000 
Al 4.647 2.650 520 2.595 2.162 962 780 
Fe 2.977 3.609 2.620 699 1,022 0.000 0.000 
Mn .045 020 057 .010 011 0.000 —-0.000 
Mg 6.768 1.681 2.269 0.000 0.000 018 017 
Ca 0.000 0.000 1.812 2.035 2.065 414 245 
Na 0.000 192 279 0.000 0.000 120 101 
K 0.000 1.708 0,000 0.000 0.000 0.000 037 
Cr 0.000 0.000 0,000 0.000 0.000 0.000 — 0.000 
Total 20.057 5.690 15.218 8.271 8.340 3.547 3.429 
Analysis 15 16 
SiO, 30.86 31.45 oxy 20.00 20.00 
TiO, 32.14 30.11 Si 4.163 4.245 
Al,O, 3.59 4.42 Ti 3.260 3.057 
FeO, 1.54 2.16 Al 571 .703 
MnO 0.00 0.00 Fe 174 244 
MgO 0.00 59 Mn 0.000 0.000 
CaO 28.53 27.46 Mg 0.000 -119 
Na.O 0.00 0.00 Ca 4.124 3.972 
K,O 0.00 ‘09 Na 0.000 0.000 
Cr,O, 0.00 0.00 K 0.000 015 

Cr 0.000 0.000 
Total 96.66 96.28 

Total 12.291 12.354 
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3. CALIPUY GROUP (region north of Lima) (all minerals analysed belong to basaltic flows 
of the Rio Fortaleza section) 


N° Analysis Mineral 


Observations 


1 Plagioclase 
2 Plagioclase 
3 Plagioclase 
4 Plagioclase 
5 Plagioclase 
6 Plagioclase 
7 Plagioclase 
8 Plagioclase 
9 Clinopyroxene 

10 Clinopyroxene 

11 Epidote 

12 Epidote 

13 Chlorite 

14 Chlorite 

15 Chlorite 

16 Prehnite 

17 Chlorite 

18 White mica 

19 Calcite 

20 Calcite 

21 Andradite 

22 Andradite 

23 K-feldspar 

(Adularia) 
24 Laumontite 


Phenocryst, primary (An minimum) 

Phenocryst, primary (An maximum) 

Phenocryst, primary (An intermediate) 

Groundmass, primary 

Groundmass, primary 

Albitized phenocryst, metamorphic (e type Table 7.1, 
An minimum) 

Albitized phenocryst, metamorphic (e type Table 7.1, 
An maximum, note low total) 

Albitized phenocryst, metamorphic (e type in Table 
7.1., An intermediate) 

Phenocryst, primary. Average of 3 anal. 

Phenocryst, primary. Average of 4 anal. 

Acicular type, average of 9 anal. 

Massive, euhedral type, average of 4 anal. 
Pale-green type (amygdules, jg’ in Table 7.1), 
average of 4 analyses in sample Fzl2a 

Pale-green type (amygdules, jg’ in Table 7.1), 
average of 10 analyses in sample Fz24a 

Pale-green, ‘rosette’ type (amygdules, jg’ in Table 
7.1), average of 10 analyses in sample Fz25 

In amygdules, average of 6 analyses in sample Fz12a 
Brownish type (patches inside plagioclase crystals and 
as amygdule rims), average of 5 analyses in sample 
F225 

Replacement patches in plagioclase phenocrysts 

In amygdules, sample Fz12a 

In amygdules, sample Fz24a 

In amygdule, average of 5 analyses in sample Fz24a 
In amygdule (other than the one in 21), average of 
4 analyses in sample Fz24a 

As replacement patch in plagioclase 

phenocryst 

In amygdules, average of 10 analyses in sample Fz25 


CALIPUY GROUP (region north of Lima) (Aguirre, in prep.) 


Analysis l 2 3 4 5 6 7 
SiO, 54.50 52.31 52.60 54.92 54.77 68.97 61.60 
TiO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al,O, 27.26 29.08 28.57 26.93 26.94 19.55 20.04 
FeO, 64 76 60 76 83 0.00 0.00 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 45 42 25 30 33 0.00 27 
CaO 10.19 12.18 11.62 9.92 10.25 17 4.19 
Na,O 5.01 4.24 4.59 5.42 5.28 11.64 7.98 
K,O 35 18 32 44 47 0.00 11 
Cr,O, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 98.40 99.17 98.55 98.69 98.87 100.33 94.19 
oxy 8.00 8.00 8.00 8.00 8.00 8.00 8.00 
Si 2.500 2.397 2.423 2.515 2.507 2.999 2.876 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.474 1.571 1.551 1.454 1.454 1.002 1.103 
Fe 025 029 .023 .029 .032 0.000 0.000 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mg .031 .029 017 .020 023 0.000 019 
Ca 501 598 573 .487 503 .008 -210 
Na 446 377 .410 481 -469 981 722 
K .020 .011 019 026 027 0.000 .007 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Total 4.996 5.011 5.016 5.012 5.014 4.991 4,937 


BURIAL METAMORPHISM IN THE WESTERN PERUVIAN TROUGH 


Analysis 8 9 10 1] 12 13 14 
SiO, 64.84 51.87 51.20 38.38 38.00 27.98 29.12 
TiO, 0.00 71 60 0.00 33 0.00 0.00 
Al,O, 20.25 Bahl 2.28 23.85 22.19 18.41 17.41 
FeO, 1.21 8.10 10.40 13.22 15.40 24.62 22.78 
MnO 0.00 09 -30 .03 07 48 52 
MgO 83 15,32 14.53 10 14 17.10 = 17.45 
CaO 89 20.86 19.47 23.65 23.61 0.00 13 
Na,O 9.46 44 2 0.00 0.00 28 15 
K,O 1.49 0.00 0.00 0.00 0.00 0.00 0.00 
Cr,O, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 98.97 00.10 99.30 99.23 99.74 88.87 87.56 
oxy 8.00 6.00 6.00 12.50 12.50 28.00 28.00 
Si 2.901 1.920 1.928 3.085 3.081 5.792 6.048 
Ti 0.000 020 017 0.000 020 0.000 0.000 
Al 1.068 118 101 2.260 2.121 4.492 4.262 
Fe 045 251 328 889 1.044 4.262 3.957 
Mn 0.000 003 010 002 005 084 091 
Mg 055 845 816 012 017 5.275 5.402 
Ca 043 828 786 2.037 2.051 0.000 029 
Na 821 032 038 0.000 0.000 112 060 
K 085 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Total 5.018 4.016 4.023 8.285 8.339 20.018 19.851 
Analysis 15 16 17 18 19 20 21 
SiO, 30.18 43.46 32.00 51.53 18 2335.66 
TiO, 0.00 06 0.00 0.00 0.00 0.00 0.00 
Al,O, 13.87 22.46 14.94 27.40 0.00 0.00 0.00 
FeO, 22.31 3.58 21.47 3:39 0.00 0.00 27.92 
MnO 59 06 46 0.00 0.00 0.00 34 
MgO 18.72 22 17.17 2:59 0.00 62 0.00 
CaO 09 26.52 35 31 55.39 58.86 32.90 
Na,O 33 12 45 0.00 0.00 0.00 10 
K,O 0.00 03 Peal 8.46 0.00 0.00 0.00 
Cr,O, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 86.09 96.51 87.35 93.68 55.57 59.71 96.92 
oxy 28.00 22.00 28.00 22.00 3.00 3.00 12.00 
Si 6.385 6.027 6.613 6.916 009 Oll = 3.284 
Ti 0.000 006 0.000 0.000 0.000 0.000 0.000 
Al 3.459 3.671 3.639 4.334 0.000 0.000 0.000 
Fe 3.947 415 3.711 -380 0.000 0.000 2.150 
Mn 106 007 081 0.000 0.000 0.000 027 
Mg 5.902 045 5.288 518 0.000 043 ~=—-0.000 
Ca 020 3.941 078 045 2.982 2.936 3.246 
Na 135 032 180 0.000 0.000 0.000 018 
K 0.000 005 134 1.449 0.000 0.000 0,000 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Total 19.954 4.150 19.725 13.642 2.991 2.989 8.725 
Analysis 22 23 24 
SiO, 37.87 63.78 51.76 oxy 12.00 8.00 48.00 
TiO 0.00 43 0.00 Si 3.355 2.974 16.146 
Al,O, 0.00 18.80 21.20 Ti 0.000 015 0.000 
FeO, 24.97 0.00 23 Al 0.000 1.034 7.795 
MnO 24 0.00 0.00 Be 1.850 0.000 060 
MgO 2,22 0.00 22 Mn 018 0.000 0.000 
CaO 32.87 0.00 11.37 Mg 293 0.000 102 
Na,O 12 35 16 Ca 3.120 0.000 3.800 
K,O 0.00 15.27 03 Na 021 .032 .097 
Cr, O, 0.00 0.00 0.00 K 0.000 909 012 

Cr 0.000 0.000 0.000 
Total 98.29 98.55 84.97 

Total 8.656 4.964 28.011 
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8 
The early basic intrusions 


Peter Frederick Regan 
Division of Geology 
Derbyshire College of Higher Education 
Kedleston Road 
Derby DE3 IGB 
United Kingdom 


A string of elongate gabbro plutons and associated basaltic dykes occupies the axial zone of the volcanogenic marginal basin. 

The complex intrusion history of these crystal-liquid mushes forms part of a continuum of events spanning the relatively short 

pertod between the ending of sedimentation and the emplacement of the earliest members of the granitoid batholith. These 

basic rocks were derived from mantle-derived, tholeiitic magmas relating in composition more to the products of the mid- 

Cretaceous vulcanicity than to the granitoids of the batholith, yet their precursor relationship to the latter has to find an 
explanation in any overall model for the plutonism. 


Introduction 


Models proposed for the generation and evolution of 
Cordilleran batholiths focus attention on the role 
played by their granitoid components. The common 
occurrence of basic rocks in such settings, however, has 
long been recognized (Lawson, 1903; Hudson, 1922; 
Benson, 1926) and their association with batholith 
development has been the subject of review by Joplin 
(1959) and Mullan and Bussell (1977). A striking 
feature of the Andean environment is that the supply of 
basic magmas in substantial volumes was available at 
several stages in the assembly of the Coastal Batholith, 
either as peridotite-gabbro-diorite plutonic complexes 
and minor intrusions or synplutonic dyke swarms. The 
latter record the repeated injection of basic magma into 
a long-standing stress regime at various intervals during 
the development of the batholith (Pitcher, this volume). 
In contrast the basic plutonic complexes, which form 
the subject of this chapter, are the signature of a unique 
mid-Cretaceous thermal event. Several features of these 
early basic intrusives are important in formulating any 
synthesis of magmatic events in the Andean crustal 
segment: (1) they provide evidence for a complex 
pattern of differentiation and syncrystallization defor- 
mation operating at shallow crustal levels during the 
early plutonic development of the batholith; (2) tog- 
ether with attendant sills and dykes the basic plutons 
constitute a volumetrically important component of the 
Mesozoic marginal basin (Cobbing, 1978; Atherton 
elal., 1983 and this volume) in which setting they exhibit 
a close spatial relationship with the broadly coeval 
Casma volcanics; and (3) the basic plutons were 
emplaced along the same locus of magmatism as the 
Coastal Batholith, outcropping at intervals over its 
entire length without apparent regard to the segmental 
differences recognized in the granitoids (Cobbing e/ al., 
1977). 
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The early basic plutons as precursors to 
the Coastal Batholith 


Since the early plutons spatially form an 
integral component of the Coastal Batholith yet every- 
where pre-date adjacent granitoids, they have come to 
be regarded as precursors (Pitcher, 1978). The implied 
parental role for the early basic magmas in modelling 
the generation of the later granitoids has been discussed 
by Atherton et al. (1979) and Cobbing et al. (1981) and 
is a recurring theme in studies of other circum-Pacific 
plutonic environments (Mayo, 1941; Larsen, 1948; 
Nockolds and Allen, 1953; Presnall and Bateman, 
1973; Albarede, 1976; Nishimori, 1974, 1976; 
Walawender and Smith, 1979; Smith. e¢ al., 1983). 
Cobbing and Pitcher (1972) envisaged the basic mag- 
mas in the role of a thermal trigger, promoting the 
generation of dioritic and tonalitic magmas by lower 
crustal melting. However, in the light of subsequent 
work (Maalge and Wyllie, 1975; Wyllie, 1977; Brown 
and Hennessy, 1978) the necessary thermal require- 
ments implicit in such a model appear unrealistically 
high. Moreover at the low pressures consistent with the 
shallow-seated emplacement of the granitoids envi- 
saged by Pitcher (1978) and Cobbing et al. (1981) the 
experimental work of Piwinskii and Wyllie (1968) 
indicates that for tonalitic magmas the liquidus phases 
are plagioclase, hornblende and biotite: a finding 
clearly incompatible with the view that the olivine, two 
pyroxene, Ca plagioclase assemblages in the basic rocks 
might represent cumulate fractions from tonalitic melts. 
Furthermore, there is generally a clear hiatus between 
the basic plutons and the granitoids in the field, a 
contrast strengthened by the absence of any miner- 
alogical and geochemical continuum (Regan, 1976; 
McCourt, 1978). The early basic intrusives are viewed 
here as a plutonic episode which was generated inde- 
pendently from the granitoids yet provides an impor- 


tant link, both spatially and temporally, between the 
terminal phase in the evolution of the marginal basin 
and the initial stage of batholith assembly. 


Spatial development and timing 


In some parts of the batholithic environment the 
plutonic complexes have been subject to detailed study 
(Bussell, 1975; Regan, 1976; Moore, 1979); elsewhere 
they are known only at reconnaissance _ level. 
Nevertheless it is evident that they occupy the same 
locus of magmatism as the succeeding granitoids and 
crop out at irregular intervals along the entire length of 
the batholith (Map IA and B, this volume). 


Mode of occurrence 


The early basic intrusions display a variety of scales 
and geometrical styles. Numerous small intrusions 
forming sill, dyke or plug-like bodies occur scattered 
throughout the immediate envelope of the batholith. 
This evidence, together with the presence of radial 
dykes focused on some stocks (Cobbing e¢ al., 1981) 
supports the proposition that at least some of these 
intrusions may represent the roots of volcanic centres. 

Quantitatively more important, however, are the 
plutonic complexes, many of which attain considerable 
dimensions. Some of these plutons occur wholly within 
the country rocks but the majority, by virtue of their 
position along the same locus of magmatism now form 
integral components of the granitoid batholith. Most of 
the original contacts of these plutons have been oblite- 
rated as a consequence of their dissection by the 
granitoids, but some masses are peripheral to the 
centred complexes of Huaura and Forteleza, forming 
either flat-topped, steep-sided plutons or arcuate 
screens (Knox, 1974; Bussell e¢ al., 1976). Elsewhere, 
except for several small oval-shaped remnants, the 
plutonic complexes typically occur as steep-sided lenti- 
cular or tabular masses whose dimensions rarely exceed 
5km in width although they may extend to 40km in 
length. Many of these remnants occur in clusters, as in 
the case of the Huaral gabbro, indicating the former 
presence of substantial plutons, which prior to fragmen- 
tation may have approached 1000 km? in area. 

In contrast with the Mesozoic batholiths of 
California (Bateman and Clark, 1974; Gastil e¢ al., 
1975; Todd and Shaw, 1979; Saleeby, 1981) the 
Coastal Batholith appears to lack a distinct gabbro sub- 
belt. Remnants of the early basic plutons may occur 
over the entire width of the batholith although there is a 
clear tendency for most of the larger masses to be 
located along its western flank (Map 1A and B). Such 
intrusions tend to form chains of plutons parallel to the 
axis of the batholith, both within its envelope (Child, 
1976) and along its margin. Of particular significance is 
the chain of substantial plutons traceable from Huaral 
to Mala, and passing from the Lima to the Arequipa 
segment, the individual plutons maintaining a remark- 
able consistency in their petrological character at 
variance with the segmental differences recognized in 
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the granitoids (Cobbing e/ al., 1977). 

Most of the early basic intrusives were emplaced into 
the thinned crust of the Mesozoic marginal basin 
(Atherton ei al., 1983), itself underlain in central Peru 
by a basement of density 3.00 Mg/m* (Couch ef al., 
1981; Jones, 1981). This relatively high-density mass, 
possibly representing mantle or mafic lower crustal 
material (Couch e¢ al., 1981) forms an arch-like struc- 
ture rising to progressively higher crustal levels north- 
wards from the Abancay deflection. This not only 
coincides with increasing subsidence in the basin over- 
lying this structure and with the locus of intense 
submarine volcanicity and burial metamorphism in 
response to elevated geothermal gradients (Atherton 
et al., 1983), but corresponds also to the maximum 
development of the early basic intrusives (Figure 8.1). 
Except in southern Peru, where this structure is re- 
placed by the presence at depth of the Arequipa massif 
the ascent of the early basic plutons probably involved 
little or no passage through continental crust. 
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Figure 8.1 Distribution of basic plutons between Chimbote and 
Canete (adapted from Pitcher, 1978) with insert showing (A) the 
extent of the marginal basin (after Cobbing, 1978) and (B) the 
distribution of Cretaceous volcanic rocks. 
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Relative age 


The relative age of the basic intrusives is easily 
determined. They cross-cut structures in the country 
rock imposing thermal aureoles of limited extent, and 
where occurring as integral components of the batholith 
are themselves cross-cut by the granitoids. This ap- 
parently simple picture resulted in the basic plutons 
being arbitrarily assigned to a single super-unit, the 
Patap (Myers, 1975a). However, their variation is not 
of the same type as that of the granitoids and, further- 
more, there may well be a considerable age span, so that 
the notion of a Patap Super-unit is best discontinued. 
Details of the contacts between the basic intrusions and 
their country rocks reveal considerable variation in 
temporal relations. Some minor intrusions may even 
pre-date the Albian fold episode (Cobbing et a/., 1981). 
Several of the plutonic complexes such as that of 
Huaral, whilst clearly cross-cutting structures in their 
volcanic envelope, exhibit marginal and internal zones 
of intense ductile deformation and evidently constitute 
a syntectonic episode. On the other hand many other 
plutons possess simple contact relations and are un- 
equivocally post-tectonic. 

Since the intrusions are emplaced into country rock 
of Albian age (Wilson, 1963; Myers, 1975a), constraints 
are placed on their lower age limit (c. 107 Ma). Upper 
limits are provided by radiometric age-determinations 
on the cross-cutting granitoids: thus the Atocongo 
monzogranite, itself dated at 101 Ma, cross-cuts both 
Albian strata and the basic pluton of Lurin, and 100 km 
further north, the Lachy granodiorite, 90 Ma (Mukasa 
pers. comm.) cuts the basic pluton of Huaral. A directly 
determined age of the latter of 84 Ma remains equivocal 
(see Beckinsale et al., this volume). 

The early basic intrusions accordingly may be vi- 
sualized as forming volumetrically important clusters or 
chains of plutons with attendant minor intrusions 
emplaced along the length of the marginal basin and in 
existence prior to the assembly of the granitoid ba- 
tholith. Emplacement was accomplished during a signi- 
ficant time interval which spanned the late Albian 
deformational event. 


Primary features of the basic rocks 


Introduction 


A striking feature of the perioditite-gabbro-diorite 
plutons is the extreme lithological and textural diversity 
they manifest in comparison to the granitoids although 
few, if any, individual plutons display the whole 
spectrum of compositional and structural variation. 
Nevertheless, despite the often considerable intervening 
distances, the plutons have many features in common. 
It therefore seems that irrespective of their present 
position along the plutonic lineament individual plu- 
tons evolved through a similar sequence of events. ‘This 
facilitates attempts at adequate generalization of the 
plutons, details of which may be found in Stewart 
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(1968), Knox (1971), Gobbing (1973), Bussell (1975), 
Child (1976), Regan (1976), Moore (1979), and Myers 
(1983). 

All the plutonic complexes are products of multiple 
intrusive events. Several, notably Huaral, have evolved 
through an extended and complex history of magmatic 
differentiation and _ syncrystallization deformation. 
Others, such as that of Lurin, in as much as they lack 
any profound deformation and late stage reconsti- 
tution, evidently experienced less complex emplace- 
ment histories. 

Within the outcrop the multiplicity of disequilibrium 
mineral assemblages reflects the incomplete overprint 
of successive rock-forming episodes. This has led to a 
pronounced heterogeneity and capricious internal va- 
riability such that only the latest events are preserved 
with any clarity. Nevertheless it is possible to categorize 
lithological units and structural elements into one of 
two well-defined developmental stages: viz. those re- 
lated to the emplacement and consolidation of the 
plutons and those, especially within net-veined com- 
posite rock masses, that are the due to in-situ recon- 
stitution by amphibolitization and hybridization. 


A multistage history of emplacement 


In those parts of the plutonic complexes that have 
escaped subsequent reconstitution their multistage em- 
placement is reflected in the presence of various types of 
internal contacts and these can be explained by invok- 
ing the concept of pulses and surges advanced for the 
granitoids (Cobbing and Pitcher, 1972). Thus the 
variety in contact relations probably reflects fluc- 
tuations in the temporal interval between discrete or 
overlapping pulses arriving into their present crustal 
setting in varying states of consolidation. Even so in 
most pulses it is possible to establish a regular sequence 
of events (Figure 8.2). These may involve both authi- 
genic and allogenic elements (see Thayer and Jackson, 
1972) in rocks which experienced magmatic differen- 
tiation, syncrystallization subsolidus deformation or both. 


Nomenclature 


Adoption of a Streckeisen type nomenclature would 
not reflect the polygenetic nature of the plutons, parti- 
cularly the presence of both magmatic and metamor- 
phic features in compositionally similar rocks. Regan 
(1976) avoided this usage, elevating the various mineral 
associations to lithofacies status and referring them to a 
primary, transitional or recrystallized assemblage. 
With some amendments this scheme is retained here. 


The primary assemblage 


Rocks forming the primary assemblage are preserved 
in virtually all individual plutons. They span the 
compositional range ultrabasic to basic and occur in a 
variety of non-cumulate and cumulate sequences. The 
lithofacies are composed of different combinations of 
olivine, plagioclase, hypersthene, augite, pigeonite, 
inverted pigeonite and brown hornblende in different 
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Figure 8.2 Schematic representation of the chronological position 
of major events during the development of an idealized pulse. The 


abundance of each structural element. The horizontal extent of the 
width of the bars reflects in a generalized manner the relative 


bars indicates their relative chronological position, their relative 
vertical position is arbitrarily assigned. 
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Figure 8.3 Examples of textural relations from massive lithofacies 
of the primary assemblage. (a) Inequigranular seriate fabric with 
olivine occurring as discrete grains; (b) inequigranular seriate fabric 
lacking olivine; (c) porphyritic fabric showing part of a large 
compound plagioclase megacryst and olivine poikilitically enclosed 
by pyroxene; (d) porphyritic fabric with compound plagioclase 
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megacryst. Aey: olivine, open heavy stipple and stippled margin; 
orthopyroxene, close heavy stipple; clinopyroxene, close fine stipple ; 
plagioclase, blank with twinning and zoning indicated; brown 


hornblende, lined and stippled; spinel, irregular, heavy stipple; 
opaque phases, black. 
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proportions (see Mason, this volume, for compositional 
details). The principal mineral occurrences and re- 
lationships within each lithofacies may display con- 
siderable diversity and are summarized in Table 8.1. 

Ultrabasic components are comparatively rare and 
restricted to lensoid segregations or individual layers in 
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cumulate sequences. The reason for their rarity is a 
matter of conjecture but may perhaps be a function of 
the present level at which the plutons are exposed. They 
might be expected to be quantitatively more important 
as components of underlying high density 
3.00 Mg/m? material. 
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Summary of the mineral occurrences and relationships in the lithofacics of the primary assemblage (based on Regan, 1976). 
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The bulk of the primary assemblage consists of a suite 
of basic rocks displaying an essentially high Al basaltic 
chemistry (Regan, 1976; McCourt, 1977). Many rocks 
possess allotriomorphic, poikilitic or porphyritic fabrics 
(Figure 8.3), thus preserving a record of simple non- 
accumulative crystallization. 

Plagioclase is invariably the most abundant phase, 
sometimes to the extent of forming virtually monomine- 
ralic aggregates in lensoid segregations. In the absence 
of olivine it is invariably the first important phase to 
crystallize. Where plagioclase exhibits normal, oscil- 
latory or patchy zoning, compositions range between 
An,, and An,,, with the most An-rich compositions 
being recorded from plagioclase megacrysts. However, 
it is more common to find unzoned tabular crystals with 
compositions confined to the range An, ,,.Olivine, 
though generally rare, is remarkably fresh with only 
incipient alteration to iddingsite. Hypersthene and 
augite are the most important mafic phases, mostly 
occurring as discrete grains but occasionally forming 
reaction rims around the olivine. The pyroxenes exhibit 
a variety of exsolution features, most profoundly in 
inverted pigeonite. Although they vary considerably in 
abundance, hypersthene and augite typically form two 
pyroxene assemblages occurring in approximately sub- 
equal amounts. Brown hornblende occurs infrequently 
and is typically found as paramorphically replacive 
rims on the pyroxenes, the most susceptible being 
augite. 

Crystallization of these rocks from a melt is col- 
lectively confirmed by their explicit textural relations 
together with the presence of zoning, porphyritic 
clusters and synneusis twinning in the plagioclase, the 
exsolution phenomena in the pyroxenes and the expec- 
ted order of crystallization and reaction relations 
among the mafic phases (Figure 8.3). Indeed, there is 
abundant evidence pointing to the role of accumulative 
crystallization in their formation. 


Layered and non-layered cumulates 


Examples of rhythmic layering are poorly preserved 
in most plutons. Sporadically developed layered se- 
quences typically fade abruptly into or are tectonically 
truncated against enclosing massive rock. Most of the 
layering is of the mineral-graded type but examples of 
size-graded layers occur in basic plutons near Arequipa 
(Figure 8.4a). The layered sequences rarely consist 
entirely of the uninterrupted repetition of layered units 
and it is more usual to find intermittently developed 
layering in which individual or sets of paired light and 
dark horizons are separated by homogenous average 
rock (Figure 8.44). The attitude of the layering is highly 
variable, some is near horizontal, elsewhere it is much 
steeper (50°—60°) and occasionally, as in plutons near 
Huaral, inverted sequences are found. Moreover such 
variation is entirely unsystematic within plutons and is 
clearly unrelated to their present configuration. In 
some layered sequences only hypersthene and plagio- 
clase (An form cumulus phases (descriptive 


) 
68-70 
terminology after Wager et al., 1960) whilst in others 
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Figure 8.4 Examples of layering rocorded from the basic plutons. 
(a) Mineral and size graded layering from basic plutons near 
Arequipa; (6) intermittent mineral graded layering occurring in a 
block encapsulated in massive lithofacies, from the Los Leones mass 
near Sayan. 


they are accompanied by olivine. Examples of both 
adcumulate (Bussell, 1975) and orthocumulate growth 
(Regan, 1976) have been recorded (Figure 8.5a and b), 
sometimes accompanied by the development of a 
pronounced planar orientation in the plagioclase. 
The origin of cumulate rocks is currently the subject 
of ongoing discussion (see Campbell, 1978; McBirney 
and Noyes, 1979). Certainly the emplacement of the 
basic plutons along a magmatic locus does not favour 
convection cell based models for the formation of the 
layering. It seems more probable that such features 
reflect in-situ crystallization in the manner proposed by 
McBirney and Noyes (1979). Whatever their precise 
origin it is clear that the layered sequences suffered 
subsequent tectonic disruption, probably consequent 
upon re-emplacement to higher crustal levels. 
Considerable tracts of individual plutons consist of 
non-layered cumulates. Where patchily developed they 
show evidence of disruption and of having undergone 
varying amounts of subsequent deformation and re- 
crystallization. However larger circular or oval-shaped 
areas some |—2km? in outcrop occur in which a crude 
lithological zonation is sometimes evident. This is 
expressed in terms of the inwardly increasing grain size 
and modal proportion of plagioclase. These areas 
exhibit transgressive relations against enclosing rocks 
and evidently reflect a late stage of emplacement in 
those plutons in which they occur. Calcic plagioclase 
An,, is the dominant cumulus phase, occurring as 
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Figure 8.5 Examples of cumulates. (a) Olivine-plagioclase cu- 
mulate in which the plagioclase has undergone adcumulus growth 
(after Bussell, 1975) ; (6) plagioclase-olivine-orthopyroxene cumulate 
in which the plagioclase has undergone orthocumulate growth; (c) 


complexly twinned but poorly zoned crystals often in 
glomero-porphyritic clusters (Figure 8.5c). Olivine, 
hypersthene and augite where found are mostly con- 
fined to the status of intercumulus phases and exhibit 
varying degrees of replacement by brown hornblende 
(Figure 8.5d). With plagioclase assuming the role of the 
major fractionating phase in these rocks and building 
an extensive open network of cumulus grains, the mafic 
phases were confined to an interstitial role, thereby 
precluding the development of any mineral graded 
layered sequences. 


Orbicular rocks 


Further examples of accumulative crystallization are 
provided by the orbicular structures that have been 
recorded in several plutons (Regan, 1976; Cobbing 
etal., 1981). The outcrops are characterized by clusters 
of closely packed ovoid and spheroidal orbicules en- 
capsulated in massive lithofacies of the primary assem- 
blage. Individual orbicules consist of a homogeneous 
polymineralic core enclosed by concentrically arranged 
single or multiple shells (Figure 8.6). Typically the cores 
constitute 10—75 per cent of the entire structure and 
consist of calcic plagioclase (An,, ,,) and hyper- 
sthene with minor olivine and pleonaste. The shells 
contain augite in addition to the core mineralogy and 
display radially arranged competitive growth textures 
analogous to comb fabrics. Outcrops of the orbicules 
appear restricted to irregular patches close to internal 
contacts or the external contact of the plutons with their 
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non-layered cumulate with megacrystic plagioclase and intercumulus 
olivine, orthopyroxene and clinopyroxene; (d) non-layered cumulate 
with megacrystic plagioclase and intercumulus olivine, orthopy- 
roxene and brown hornblende. 


volcanic envelope. Thus the orbicule cores are con- 
sidered to represent cognate enclaves, which upon 
becoming detached from the wall of a melt cell were 
incorporated into melt pulses where they acted as 
centres of nucleation. Textural and mineralogical va- 
riation between adjacent shells represent a response to 
constitutional supercooling adjacent to the walls of melt 
cells in the manner discussed by Taubeneck and 
Poldervaart (1960) and McBirney and Noyes (1979). 
Cessation of orbicule growth perhaps reflects their 
incorporation into newly generated upwardly mobile 
magma pulses. 


Transformations in response to 
syncrystallization subsolidus deformation 
and recrystallization 


Textural evidence 


Evidence of syncrystallization subsolidus defor- 
mation and recrystallization is widespread. Indeed in 
some plutons such as that of Cieneguilla, the effects have 
been so profound that little trace of their magmatic 
development is preserved. However there are less 
extensively modified plutons where modifications to the 
primary lithofacies at a single locality are incomplete 
and arrested stages in the process of re-equilibration are 
represented. The sequence of transformation involves a 
combination of crystalloblastic and deformational pro- 
cesses in regimes of varying strain rate. For the most 
part this is effected by adjustments in the nature of the 
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Figure 8.6 Drawings of orbicular fabrics as they appear in polished 
blocks obtained from the Huaral pluton. (a) Multiple-shelled orbicule 
containing a fine-grained granular core enclosed by shells of varying 
width showing well-developed radial growth patterns; (b) adjacent 


microfabric rather than the mineral assemblages, in- 
dicating that the process of re-equilibration was accom- 
plished at high temperatures. 

In some rocks recrystallization has proceeded at low 
strain rates so that deformational features are subdued 
or altogether absent. The initial stage of transformation 
is marked by the conversion of olivine to iddingsite or, 
more significantly, its involvement in simple two-layer 
corona fabrics where adjacent to plagioclase (Figure 
8.7a). These involve the growth of cummingtonite and 
hornblende, sometimes accompanied by symplectites of 
pleonaste and an opaque phase. Further recrystalli- 
zation involves the total replacement of olivine by 
clusters of xenoblastic hypersthene and opaques, and 
the conversion of the primary pyroxene into mosaics of 
their typomorphic counterparts. The wholesale con- 


orbicules possessing cores characterized by large irregular poikilitic 
orthopyroxene but differing in terms of the development of their 
shells. 


version of the original fabrics into their blastic equiva- 
lents proceeds with the involvement of plagioclase in 
the sequence of recrystallization. In the final stage of 
transformation the rocks develop various equant granu- 
loblastic equi- or inequigranular triple point fabrics 
(Figure 8.76). Plagioclase typically forms unzoned 
equant grains manifesting simple annealing or defor- 
mation twins. In some rocks the pyroxenes form 
poikiloblasts or tenuously linked xenoblastic chains 
whilst elsewhere they are locally replaced by 
hornblende. 

Transformation of the primary assemblage is more 
commonly effected through a combination of crystal- 
loblastic and deformational processes. The most ob- 
vious and widely developed response to deformation is a 
well-defined (S > L) mineral alignment. This main- 
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Figure 8.7. Examples of fabrics from rocks of the transitional and 
recrystallized assemblages. (a) Corona structure along olivine- 
plagioclase grain boundaries. Cummingtonite forms the inner layer 
whilst the outer layer is composed of green hornblende occurring 
either as discrete grains or in a symplectic intergrowth with pleonaste. 
(b) Granuloblastic fabric characterized by equant untwinned 
plagioclase and tenuously linked chains of xenoblastic pyroxene. 


tains a sub-vertical attitude parallel to the locus of 
magmatism, is itself locally deformed by the generation 
of intrafolial folds, and transgresses various internal 
contacts. Locally the mineral alignment evolves by the 
progressive lateral segregation of its constituent mi- 
nerals into banded horizons or banded sequences 
(Bussell, 1975; Regan, 1976). 

The latter, which are especially well developed in the 
Huaral pluton and the Cerro Tortuga stock (Plate 8.1), 
involve the repetition of plagioclase and hornblende or 
pyroxene horizons occurring in sub-vertical sets whose 
intersection involves their truncation along planes of 
angular discordance. Although such features super- 
ficially resemble the cross-bedded units in rhythmically 
layered cumulate sequences they are believed to have 
arisen due to the infilling, by residual fluids, of early 
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(c) Intragranular deformation of plagioclase resulting in the forma- 
tion of kink bands approximately parallel to 001. (d) Core and 
mantle structure in plagioclase with stipple indicating shadowy 
extinction. (e) Part of a ribbon aggregate in which porphyroclastic 
pyroxene and plagioclase form bands bordered by their xenoblastic 
equivalents. (f) Granuloblastic fabric with unzoned and poorly 
twinned plagioclase. 


planes of shear initiated by high strain rates during the 
deformation of quasi-crystalline material (see Miller, 
1938; Lipman, 1963). A similar origin is proposed for 
the scattered occurrences of early net-vein systems and 
the pyroxene and plagioclase lensoid segregations. 
Although the record of textural transformations in 
the deformed rocks is frequently incomplete it has 
proved possible in the Huaral pluton (Regan, 1976) 
and elsewhere to establish arbitrarily assigned stages in 
the sequence of transformation (terminology based on 
Harte, 1976). These are defined by the development of 
intragranular features such as sub-grains, core and 
mantle structures, ribbon and phacoidal aggregates 
and ultimately granuloblastic fabrics (Figure 8.7 c—f). 
Relict grains, especially plagioclase, exhibit undulose 
extinction, kink bands and the development of spindle 


Plate 8.1 Banded sequence in basic rocks. Convoluted and 
rectilinear vertical band sets intersect along sharp but annealed 
planes of angular discordance. From Cerro Tortuga stock northwest 
of Casma. 


deformation twins which may themselves be fractured 
or deformed in a ductile fashion (Figure 8.7). 
Concomitant with these signs of internal strain and 
intragranular deformation there is a progressive re- 
duction in grain size such that indented porphyroclastic 
grains become mantled, penetrated, or traversed by a 
strain-free xenoblastic mosaic. Following the early 
elimination of olivine the equant and tabular granulo- 
blastic fabrics consist of varying combinations of typo- 
morphic unzoned plagioclase, orthopyroxene and 
clinopyroxene, both locally replaced by hornblende. 

Many of the totally recrystallized rocks possess near 
equilibrium triple point fabrics composed of equant 
polygonal grains. However, the persistence elsewhere of 
disequilibrium grain boundary configurations together 
with an inhomogeneity in the location and grain size 
shown by plagioclase and the pyroxenes indicates that 
total equilibrium was rarely attained on anything 
greater than a localized scale. 


Ductile shear zones 


Certain internal and peripheral zones in some of the 
basic plutons (Bussell, 1975; Regan, 1976) are charac- 
terized by pronounced anisotropic (S > L, S = L) fab- 
rics. These regimes represent zones of high strain in 
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which crystalloblastic processes have variably over- 
printed earlier protoclastic events. The resulting blasto- 
mylonites contain various disequilibrium non- 
locational and shape fabrics. Both internal and peri- 
pheral zones are steeply inclined and manifest abrupt 
transgressive contacts against the enclosing rock masses. 
Such observations suggest the presence of ductile shear 
zones (see Ramsay and Graham, 1970). These evolved 
with episodic recrudescence throughout the emplace- 
ment history of the plutons in which they occur and, by 
facilitating late-stage tectonically influenced move- 
ments, exercised a profound influence on their arrival 
into the upper crust. 


Environment of recrystallization 


The continued stability of the plagioclase two- 
pyroxene assemblages throughout the re-equilibration 
process indicates that the entire sequence of recrystalli- 
zation was accomplished at elevated temperatures. 
Moreover, the restricted occurrence of hornblende in 
such rocks reflects an environment which was sub- 
stantially water-deficient. In many respects therefore 
the products of recrystallization may be viewed as 
localized analogues of compositionally similar rocks 
described elsewhere as pyroxene granulites or basic 
charnockites. Based on the corona fabrics, Regan 
(1976) estimated that recrystallization proceeded at 
temperatures in the order of 800—1000° C and pressures 
no greater than 8kbar and perhaps substantially lower. 
Indeed, many primary features of the basic plutons 
together with conditions prevailing during thermal 
metamorphism of the batholithic envelope (Atherton 
and Brenchley, 1972) indicate a shallow level of final 
emplacement. Although these findings appear to con- 
flict they may perhaps be reconciled in terms of 
recrystallization and deformation at varying strain 
rates proceeding in an environment characterized by an 
anomalously high thermal gradient. Indeed, the ab- 
sence of retrogressive events suggests that rapid decline 
in temperature occurred only during the final stages of 
emplacement of the plutons into their present position. 


Late transgressive phenomena: 
synplutonic dykes and related features 


Various types of basic dykes are associated with 
different stages in the emplacement history of the basic 
plutons. Plagioclase, hornblende xenocryst-bearing 
dykes emplaced into the volcanic envelope adjacent to 
basic plutons in the Moro region have been recorded by 
Bussell (1975). Within the basic plutons synplutonic 
dykes and autoinjection structures have been emplaced 
at different times into successive pulses. Some dykes 
transgress interpulse contacts, others are truncated by 
them. There are examples of manifestly intrusive dykes 
that have subsequently been deformed so that they now 
outcrop as variably disrupted and back-veined seg- 
ments. Some have been offset en-echelon fashion along 
tectonically induced re-healed shear zones (Figure 8.8) 
whilst in others the presence of a sigmoidal mineral 
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Figure 8.8 Examples of synplutonic dykes. (a) Disrupted synplu- 
tonic dyke showing en-échelon pattern due to offset along three 
rehealed shears. (b) Synplutonic dyke offset along a single rehealed 
shear accompanied by back veining of the dyke by the host rock. 
From the Huaral pluton. 


alignment reflects contemporaneous movements of the 
wall rocks. These features, together with the presence of 
granuloblastic fabrics, indicate that the dykes under- 
went the same high temperature recrystallization and 
deformation as the enclosing rocks. 


Post-consolidation reconstitution 


Many areas of individual plutons have been pro- 
foundly modified by the effects of post-consolidation 
reconstitution. Although there is little spatial con- 
sistency in the internal distribution of such areas their 
development appears to be especially associated with 
the deformed plutons. Thus considerable tracts of the 
deformed Huaral and Cieneguilla plutons have suffered 
wholesale conversion whilst in the largely undeformed 
Lurin and Mala plutons such effects are noticeably 
lacking. 

Reconstitution has resulted from in-situ amphi- 
bolitization and hybridization acting independently or 
in concert to induce wholesale conversion in the pre- 
existing lithologies. Where these transformations pro- 
ceed towards an advanced stage they result in com- 
posite rock masses whose most obvious feature is a 
capricious, often extreme, heterogeneity (Figure 8.9). 
In this respect they closely resemble net-veined, hybrid 
dioritic and appinitic plutons described elsewhere 
(Deer, 1935; Wells and Bishop, 1955; French, 1966; 
Pitcher and Berger, 1972). 

The heterogeneity of the composite rock masses is 
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largely attributable to variations in the degree and style 
of penetration of pre-existing rocks by a quartz dioritic- 
granitoid leucosome. In some areas reconstitution to- 
wards dioritic compositions by hybridization took place 
without the development of net-vein systems, ap- 
parently in response to pervasive metasomatic trans- 
formations. Elsewhere, hybridization followed the ge- 
neration of net and sheet vein systems. These structures 
reflect the introduction of a penetrating mobile leuco- 
some along dilated or brecciated fissures (Figure 8.10A 
and B), features which were perhaps induced as a 
consequence of hydraulic fracturing. In their initial 
stage of development the net veins form an intricate 
network of anastomosing arteries and apophyses. 
These, by lateral and longitudinal advancement pro- 
gressively isolate areas of mesosome along fractures and 
grain boundaries so that geometrical continuity be- 
tween the increasingly disengaged fragments is even- 
tually lost. 

Concomitantly there are mineralogical and textural 
transformations in the melasome. The appearance of 
various amphiboles, sodic plagioclase, biotite, ortho- 
clase and quartz in varying combinations and rapidly 
fluctuating proportions in already diverse lithologies 
has created a multiplicity of disequilibrium assem- 
blages. A commonly observed sequence of mineral 
transformations is shown schematically in Table 8.2. 
During early uralitization of the mafic minerals and 
saussuritization of the plagioclase there is little modifi- 
cation of the pre-existing fabrics. Profound changes are 
incurred, however, during a phase of amphibolitization 
in which hornblende, sometimes highly poikiloblastic, 
develops at the expense of all earlier formed minerals. 

Not all amphibole growth has arisen in this way. The 
involvement of hornblende in comb-layered net-veins 
(Figure 8.1la) and its hollow-shell crystallization in 
pegmatitic pockets (Figure 8.114) and localized diat- 
reme facies are indicative of crystallization from a melt 
phase. The presence of growth imperfections, zoning 
and overgrowth by other amphiboles is strongly sugges- 
tive of rapid crystallization under fluctuating Py,o 
followed by sudden loss of the volatile phase. 

Concurrent with such changes the original calcic 
plagioclase is replaced by pellucid rims of andesine or 
oligoclase. With the appearance of quartz and the 
generation of granitoid textures from this stage onwards 
the rocks regain a homogeneous aspect by assuming the 
identity of diorites. 

The occurrence of hybrid rocks along the contact 
with and locally gradational into the Santa Rosa 
tonalite (Regan, 1976) is the only field evidence 
supporting a genetic relationship between the basic and 
granitoid magmas. These strictly limited zones of 
mixing are indicative of remarkably coeval contact 
relationships, a conclusion confirmed by the zircon U- 
Pb dates (see Mukasa, this volume). For the most part, 
however, the internal distribution of the hybridized and 
amphibolitized rocks within the basic plutons bears no 
obvious spatial relationship to the more frequently 
developed sharp contacts developed against the Santa 
Rosa tonalite. Indeed, the discrete granitic phase 


Figure 8.9 Contrasting styles in the heterogeneity of the 
composite rock masses from the Huaral pluton caused by hy- 


involved in the reconstitution process (Myers, 1983; 
Regan, 1976), is itself intruded by synplutonic micro- 
diorite dykes which pre-date every component of the 
Santa Rosa Super-unit. It therefore appears that, with 
the exception of localized assimilation along certain 
contact zones, the reconstitution of the basic plutons 
was accomplished prior to the arrival of the tonalites of 
Santa Rosa. 
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bridization (stippled) and amphibolitization (black) acting in 
concert. 


Source of the volatile phase 


The abundance of hornblende is a distinctive feature 
of the basic plutons and its appearance at all stages in 
their evolution is well established (Bussell, 1975; 
Regan, 1976). Whilst some hornblende is undoubtedly 
primary, its pervasive growth during amphibolitization 
is intimately associated in space and time with the 
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Figure 8.10 Examples of net-veining of basic rocks in response to 
the invasion of a mobile leucosome. The host rock has, in both cases, 
reacted in an essentially competent fashion but has experienced 


hybridization process. Such hornblende overprints 
both primary and deformational features in the basic 
rocks whilst the net-veining transgresses internal contacts 
and effects its passage through recrystallized and defor- 
med parts of the plutons without sustaining correspond- 
ing transformations. These findings cannot be equated 
simply with late stage autometasomatic transfor- 
mations incurred in response to rising Py, as crystalli- 
zation proceeds in successive pulses. Rather, they 
indicate that reconstitution was a late or post-consoli- 
dation event involving the passive or forceful in- 
troduction of the volatile phase from an external source. 

The earlier view (Knox, 1971; Regan, 1976) that 
such fluids were derived from the Santa Rosa tonalite is 
now considered unlikely . The crystallization sequence 
of the tonalite (McCourt, 1981) together with a lack of 
pegmatite, hydrothermal alteration and tuffisitization 
associated with its emplacement collectively confirm 
the water-undersaturated condition of the Santa Rosa 
magmas. Moreover, as noted above, reconstitution of 
the basic plutons was largely accomplished well before 
the arrival of the Santa Rosa tonalite. This divorcement 
is emphasized further by the local presence of small 
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5 cm 


variable amounts of hybridization and the growth of poikiloblastic 
amphibole (black) ; from the Rio Seco section of the Huaral pluton. 


granitoid plutons, collectively assigned to the Jecuan 
unit (Cobbing and Pitcher, 1972), whose time of 
emplacement intervenes between the basic plutons and 
the tonalites of Santa Rosa. It therefore seems more 
probable (Cobbing et al., 1981) that the source of the 
volatiles is closely related in space and time with the 
basic plutons themselves. 

An alternative possible derivation for such fluids may 
be sought in a general model « :hereby the basic magmas 
are related to high geothermal gradients, burial metam- 
orphism and the presence of the acid and granophyric 
Jecuan unit very early in the batholithic sequence. In 
such a model the mantle-derived basic magmas rise into 
the thinned crust of the marginal basin and, by acting as 
a thermal trigger, generate high regional geothermal 
gradients (see Offler et al., 1980). These, in turn, 
promote hydration reactions and hot fluid circulation 
in the country rocks (see Aguirre et al., 1976), processes 
perhaps linked with the production of wet siliceous 
material by partial melting. Such fluids, once gene- 
rated, rose along with the basic plutons to high crustal 
levels whereupon they invaded and reacted with them 
during their final stages of consolidation. Although 
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Table 8.2 Chronological sequence of mineral transformations occurring during post-consolidation recon- 


stitution of the basic plutons (after Regan, 1976). 


during progressive stages of 
hybridisation (H) and amphibolitisation(A). 


Slight —» Partial —» Substantial —» Complete 


Calcic plagioclase 


(labradorite =) 
anorthite 


Sodic plagioclase 


naesiee? =) 


Olivine 


Orthopyroxene _ 


Clinopyroxene 


Spinel 


Brown hornblende 


Pale green uralitic 
hornblende 


Green brown 
hornblende 


Pale bluish-green 
hornblende 


Cummingtonite 


Zoisite 


Epidote 


Chlorite 


Biotite 


Orthoclase 


Opaque minerals 


Quartz 


Polygenic gabbroidal Transformation during progressive stages 
complex minerals of hybridisation and amphibolitisation 


Slight 


Calcic plagioclase 


Orthopyroxene 


. Pale green 
Clinopyroxene hornblende 


Olivine 


Brown hornblende 


aS, 


such a model remains speculative at present its possible 
link with wet siliceous melts early in the assembly of the 
batholith is of particular interest. If not directly as- 
sociated with the following granitoids could be that 
they represent the only anatectically derived liquids 
generated throughout the entire emplacement history 
of the Coastal Batholith? 


Partial Substantial Complete 


Andesine 
Epidote 


Green brown hornblende+Pale bluish 
-green 


hornblende 


Discussion and conclusions 
General statement 

Although the field and petrographic detail of some of 
the individual plutons comprising the early basic 


intrusive event is well defined there are many aspects 
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sectors 


Figure 8.11 (a) Comb structure in net-veins shown by amphiboles 
orientated normal to the wall of the vein. Note the presence of a 
central leucocratic channel and the penetration of the vein wall by 
numerous amphibole prisms. From the Huaral pluton. (b-e) Some 
features of hollow shelled prismatic amphiboles: (4) schillerized core ; 


pertaining to the suite as a whole which remain to be 
satisfactorily resolved. The most pressing problems 
concern (1) the nature of the parent magma, (2) the 
acquisition of the necessary isotope and geochemical 
data along their entire length of outcrop to model the 
fractionation paths of the basic plutons and place 
constraints on their source region, (3) the relationship 
between the basic intrusive event and the volcano- 
tectonic processes operating in the marginal basin and 
(4) the significance of this episode as a precursor to the 
granitoid batholith. 


The nature of the parent magma 


The emplacement of the basic plutons clearly in- 
volved the transfer of a massive volume of material into 
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(c) partial disruption and the development of kink bands at high 
angles to (001) sectoring the crystal; (d) schillerized core and fretted 
margin; (e) cross-sections of several amphiboles showing variations in 
hollow shell form. 


the crust of the marginal basin. The precise composition 
of the parent magma, although important to ascertain, 
is difficult to establish in the absence of recognizable 
chilled border facies. Moreover, the accumulative 
nature of many of the rocks, whilst clearly indicating 
fractional crystallization of the basaltic magma, pre- 
cludes their analyses from being used directly to model 
the composition of the liquids from which they formed. 


Chemistry 


The basic plutons possess an essentially high-Al 
basaltic chemistry with an average major element 
composition which closely approximates to that of a 
typical olivine tholeiite (Table 8.3). In marked con- 
trast to the smooth geochemical trends exhibited by the 
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Table 8.3 Chemical analyses of representative basic plutonic rocks associated with the 
Coastal Batholith in Lima Province. (Major elements in weight per cent, trace elements in parts 
per million, n.d. = not determined.) 


Gl G2 G3 G6 G9 G10 Gl4 APG* 
SiO, 47.48 42.40 50.95 43.98 45.73 52.78 54.94 49.73 
TiO, 0.17 2.83 0.99 1.84 0.29 0.74 1.22 0.75 
Al,O, 24.44 9.90 19.56 18.66 14.49 20.34 15.32 17.14 
Fe,O, 1.18 6.32 3.04 5.08 2:24 2.83 2.58 2.46 
FeO 2.68 8.00 6.42 6.26 9.44 5.50 6.72 7.00 
MnO 0.08 0.18 0.21 0.20 0.22 0.19 0.18 0.20 
MgO 5.54 12.90 4.92 7.93 14.85 4.17 4.53 7.60 
CaO 16.05 12.88 10.12 12.39 10.70 9.92 7.92 11.53 
Na,O 1.06 1.78 3.32 2.08 1.02 3.79 3.12 2.48 
K,O 0.29 0.34 0.90 0.76 0.10 0.23 2.03 0.32 
H,O 1.38 1.25 0.59 1.65 0.74 0.58 0.70 
FO, 0.06 0.07 0.24 0.08 0.06 0.16 0.25 0.15 


Rb 12 7 24 17 4 8 43 
Sr 336 275 816 692 237 608 334 
Ba n.d n.d 635 314 n.d n.d 676 
¥ 4 24 18 15 11 16 34 
Zr 27 50 53 68 34 66 182 
Sc n.d n.d 22 82 n.d n.d 31 
Zn 98 n.d n.d 118 n.d n.d 105 
Ni 78 n.d 35 50 176 32 39 
Nd n.d n.d 10 11 n.d n.d 19 
Ce n.d n.d 20 35 n.d n.d 40 


Data from McCourt (1978) 
*Average primary gabbro, McCourt (1978, Table 21 


Table 8.4 Summary of proposed model for large multicomponent multistage peridotite-gabbro-diorite complexes in the Coastal Batholith 


Stage 


Process Results 


Amphibolitization and 
hybridization 


High level differentiation 


Consolidation (for each 
pulse) 


Emplacement (for each 
pulse) 


Differentiation 


Initiation 


Jn-situ reconstitution of preexisting lithologies in a 
subvolcanic environment by 


1) autometasomatic (?) amphibolitization Net-veined composite rock masses, overprinting of 
earlier lithologies 
2) hydraulic fracturing > forceful injection of Pegmatites, with hollow shell crystallization of 
hydrous melt ' hornblendes 


3) hybridization by locally derived anatectic fluids | Granitoid veins, growth of biotite & orthoclase 


Crystal accumulation in intratelluric magma Non-layered cumulates glomeroporphyritic clusters 


chambers of Ca-plagioclase. Intercumulus pyroxene, olivine, 
Plagioclase dominant phase, continued hornblende. 
rise in Py. 


Formation of joint systems synplutonic dykes + 
sigmoidal mineral alignments, net veins, continued 


Localized deformational events marked by rapid 
strain rates— brittle failure of host rock. 


douadsapniyas stposidy 


Introduction of compositionally similar or formation of mineral alignment 
dissimilar fluids. 

Intense dislocation along internal & marginal Blastomylonites 

zones 

Further subsolidus re-equilibration but Corona fabrics 

retrogression largely absent Rapid fall in PT conditions 
Onset of rise in Py, Amphibole overgrowth on mafics 


Disruption and re-emplacement of rhythmically 
layered sequences and orbicules 

| Complex internal relations due to intermixing of 
lithologies with no regular arrangement 
Non-accumulative crystallization 


Multistage intrusive event 
Emplacement of successive quasi-crystalline 
magma pulses to high crustal levels 


Tectonically influenced emplacement along same 
magmatic locus as younger granitoids 
Syncrystallization, subsolidus deformation at Ductile deformation leading to 
varying strain rates in a regime with high thermal textural + mineralogical re-equilibration > mineral 
gradient alignment, folds banding 

Equilibrium rarely totally achieved 


saseyd jeuonruMojog 


Magma stored in lower level crustal reservoirs Production of rhythmically layered sequences, 
Crystal accumulation, congelation, crystallization ortho and adcumulates, planar lamination 
Orbicule formation 


Lithospheric consumption of Nazca plate beneath Partial melting of mantle wedge leading to 
Peru-Chile trench in Late Albian times magma generation of olivine tholeiite composition 
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CaO wt % 


Na,O wt % 


AlnOg wt % 


MgOwt % 


SiO, % 


Figure 8.12 | Major element variation diagrams for the basic rocks. 


granitoids (Cobbing efal., 1981; McCourt, 1981) the 
geochemical plots for the basic rocks are characterized 
by a pronounced scatter (Figure 8.12), a feature which 
largely reflects their cumulate nature. This is further 
emphasized in the overall tholeiite trend displayed in an 
AFM diagram (Figure 8.13). 


Although, as expected from the cumulate nature of 


the basic rocks, the trace element data display a wide 
range of values for any given element (Table 8.3) (see 
also McCourt, 1978) collectively the data reflect the 
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A 
Figure 8.13 AFM diagram of the basic rocks. 


primitive nature of the suite and point to their mantle 
derivation. ; 

Taken together, the major and trace element 
characteristics of the basic rocks correspond closely with 
those of the Casma basalts (McCourt, 1978; Cobbing 
etal., 1981; Atherton, this volume). There is no 
geochemical continuum in the major element chemistry 
between the basic rocks and the granitoids and the two 
suites exhibit profoundly different trace element charac- 
teristics. Such evidence does not support a genetic 
relationship between the basic rocks and the granitoids, 
but rather serves to emphasize the difference between 
the two suites readily apparent in the field. 


Water content of the magmas 


The abundance of amphibole is a distinctive feature 
of basic plutons associated with Cordilleran granitoids 
(Miller, 1938; Joplin, 1959; Mullan and Bussell, 1977; 
Walawender and Smith, 1980). Both Pitcher (1978) 
and Cobbing ef al. (1981) have emphasized the fact that 
in the Andean environment amphibole may appear at 
virtually any stage in the evolution of the basic plutons. 
Where present as a primary phase its growth is clearly a 
consequence of.rising Py,9 during the latter stages of 
crystallization of individual melt pulses. However, there 
is generally little evidence of elevated Py,9 during 
much of the crystallization and indeed recrystallization 
sequences recorded in most plutons (Bussell, 1975; 
Regan, 1976). It seems, therefore, that the initial water 
content of the magmas was low and that most plutons 
had become substantially consolidated before, in re- 
sponse to its introduction from an external source, the 
influence of water became a significance factor in their 
evolution. 


Emplacement history of the basic 
plutons: a general model 


All the plutons studied so far preserve a record of 
multistage emplacement and many are polygenetic, 
having evolved through episodes of differentiation, 
syncrystallization deformation and _ recrystallization, 
amphibolitization and hybridization (‘Table 8.4). Such 
plutons began their complex histories with the pro- 


duction of mineral graded layered sequences and 
orbicular structures. These features owe their formation 
to early phases of crystal accumulation and congelation 
crystallization under tranquil conditions. The disrup- 
tion of such features reflects their re-emplacement to 
higher crustal levels following incorporation into suc- 
cessive discrete or overlapping pulses of hot quasi- 
crystalline mush. The response of this material to 
deformation at varying strain rates is preserved in the 
mineral alignment, intrafolial folds, banding, net vein- 
ing and blastomylonites. Texturally, such rocks show 
evidence of plastic deformation followed by recovery 
and recrystallization. Tectonically influenced intermix- 
ing at this stage may have produced the plagioclase- 
and pyroxene-rich segregations and resulted in the 
extreme modal contrast between adjacent lithofacies. 
The final stages in the emplacement of this quasi- 
crystalline mush were probably facilitated by recrudes- 
cent adjustments concentrated along discrete zones of 
internal and marginal dislocation. Contemporaneous 
internal fracture systems, sometimes subject to pos- 
thumous movement, permitted the injection of mobile 
melt fractions to form autoinjection structures and 
synplutonic dykes. 

Little more than rudimentary attempts at continued 
accumulative crystallization would prove possible dur- 
ing the emplacement of individual pulses because of 
their increased rheological coherence and continued 
migration. However a further episode of accumulative 
crystallization evidently took place and resulted in the 
formation of in-situ non-layered cumulates. Perhaps this 
phase of high level differentiation records the establish- 
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ment of localized magma reservoirs, intruding and 
possibly supplying their coeval volcanic cover. This 
aspect of the basic plutons remains to be more fully 
explored but the existence of a volcano-plutonic 
equivalence is given further support by the similarity in 
mineralogy and both major and trace element patterns 
exhibited by the Casma basalts and the basic plutons 
(Atherton e¢ al., 1979; Cobbing et al., 1981; Atherton, 
this volume). Indeed, according to McCourt (1978) the 
Casma basalts are likely to represent the liquid fraction 
after cumulate crystallization of the basic plutons. 

Variations among the plutons in their geometrical 
and complex internal relationships may be attributed to 
the timing of emplacement of their magmas into 
contrasting tectonic regimes within the marginal basin. 
Some plutons evidently rose as mobile liquids into an 
extensional environment. Elsewhere the location of 
plutons was profoundly influenced by the presence of 
long-lived crustal flaws lying parallel to the continental 
margin and persisting deep into the crust (Pitcher, 
1974; Myers, 1975). Such plutons are envisaged as the 
products of crystal-liquid mushes emplaced syntectoni- 
cally during local episodes of lateral compression 
associated with basin closure. 

The available field and chemical evidence indicates 
that the basic plutons, which hitherto have been 
included within the framework of the batholith, are not 
comagmatic with the granitoids but record the signa- 
ture of a discrete intrusive event. The two suites are 
associated by accident of a common location along a 
profound plutonic locus—the axis of an extensional 
marginal basin. 
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SECTION IV 
Plutonism in the Western Cordillera: the Coastal 
Batholith 


A multiple and composite batholith 


Wallace S. Pitcher 
Department of Geology 
University of Liverpool 
Liverpool L69 3BX 
United Kingdom 


The Coastal Batholith is an immense multiple and composite intrusion composed dominantly of tonalite and granodiorite and 

occupying the core of the Western Cordillera over a length of 1600km. Despite the great number of separate intrusions and 

the wide range of lithologies there is a simple overall pattern wherein the intrusion mechanism remains constant over the entire 

length of the batholith, and the constituent rocks reduce to a small number of natural compositional units. The latter evidently 

represent batches of melt intruded as time-separated pulses. During upwelling and residence each evolved to form a classical, 
consanguineous, basic to acid, suite of rocks. 


Preamble 


The great batholiths of the Western Cordillera of 
Peru (Pitcher, 1974) provide fine examples of the 
plutonic phase of circum-Pacific Mesozoic-Cenozoic 
magmatism. The deep dissection, consequent on recent 
rapid uplift (Myers, 1976), and the arid climate 
conspire to produce rock deserts and high snowy sierras 
where the bed rock is bare of cover. Thus an objective, 
three-dimensional view can be obtained of the two 
immense intrusions which core the Andean Ranges, the 
Coastal (101-37 Ma) and Cordillera Blanca (12—9 Ma) 
batholiths. It is with the former that this series of 
contributions is concerned, collating the results of 20 
years of study by workers mainly drawn from the 
University of Liverpool and the British Geological 
Survey. Details are available in a memoir (Cobbing 
et al., 1981), in shorter communications (e.g. Stewart in 
Garcia, 1968; Dunin-Borkowski, 1970; Cobbing and 
Pitcher, 1972a; Cobbing, 1973; Cobbing et al., 1972; 
Knox, 1974; Myers, 1975, 1983; Bussell et al., 1976; 
Pitcher and Bussell, 1977; Pitcher, 1978) and some 
earlier works mentioned in the Prologue to this volume, 
besides the relevant Bulletins of the Geological Service 
of Peru (INGEMMET) listed separately in the 
bibliography. 

It is important to realize the scale of these pheno- 
mena. The Coastal Batholith proper is 1600km long 
and up to 65km across while lines of isolated plutons 
extend this plutonic lineament into Chile and Ecuador 
to a distance of some 2400km (Figure 9.1). This 
plutonic lineament is parallel to the present oceanic 
trench and is largely independent of the surface 
geology. 

The structure and overall petrological character of 
the hundreds of plutons which constitute this multiple 
batholith remain unchanged throughout this great 
distance and it seems that the magmas everywhere rose 
to and froze at the same high, subvolcanic level in the 
crust. Furthermore the present level of erosion every- 
where reveals the roofs of plutons ranging the whole 
time-span of the batholith providing remarkable evid- 


Figure 9.1 The Coastal Batholith showing the super-unit segmen- 
tation and its extensions as isolated plutons. 


ence of an extraordinarily long-lasting stability in one 
long strip of crust. Then again, despite dissection 
revealing the plutonic rocks over vertical distances as 
great as 4000 m, no obvious change with level, either in 
magma type, reaction with country rock or mode of 
emplacement is detectable. 


A multiple batholith 


Plutons, plutonic complexes and batholiths 


The Coastal Batholith, in common with other cordil- 
leran batholiths, is structurally composed ofa vast array 
of individual intrusions, dykes, sills and plutons, assem- 
bled into major plutonic complexes. Upwards of a 
thousand sizeable plutons are involved throughout its 
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1600km length and many of these are themselves 
multiple intrusions. 

Plutons are defined here not so much on the basis of 
size as on a certain unity of structure characterizing 
magmas emplaced within a single, continuous outer 
contact: so defined plutons can have resulted from 
single or multiple injection. A separate, single, time- 
separated injection of magma from depth is referred to 
as a pulse (cf. Harry and Richey, 1953), but where 
differential flow within a pluton is inferred the term surge 
is used (Cobbing and Pitcher, 1972, p. 425). 

Mapping of modal and geochemical variations in 
relation to external and internal contacts reveals every 
type of relationship between the components, from 
variations established in situ to multi-pulse situations 
where the compositions of the separate injections were 
established elsewhere. Internal contacts have, there- 
fore, different degrees of significance which are revealed 
not only by the physical character of a particular 
junction but, more significantly, by the magnitude of 
the compositional hiatus: 

Within the Coastal Batholith there are well-defined 
assemblages of intrusions, both single and multi-pulse, 
forming mappable structures here referred to as plutonic 
complexes; of these the Huaura complex (Figure 9.2) is 
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Figure 9.2 Outline map of the Lima segment of the Coastal 
Batholith showing the plutonic complexes, centred complexes and 
distribution of the super-units. 
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the type example. Strung out along the 1600 km of the 
Western Cordillera a linear array of these multi-pulse 
multiple assemblages of plutons emphasizes the overall 
multiple nature of cordilleran-type batholiths. 

There are, however, very clear limits to this com- 
plexity. First, the mode of intrusion of these cut-out 
plutons remains largely the same over the entire length 
of the batholith (see Bussell, this volume) and, further- 
more as noted above, there is no discernible difference in 
crustal level over this 1600km. A second limit is 
introduced by the recognition of a simple order of rock 
suites. 


Units, super-units and segments 


Whilst the bulk of the granitoids are tonalites and 
granodiorites there is great variation in texture, mode 
and chemical composition. It is now well understood 
that there is more to the classification of igneous rocks 
than simple considerations of mode, for equally impor- 
tant are the textural parameters, viz. general grain size 
and relative grain size and shape, the systematic 
measurement of which has rarely been attempted (see, 
however, Roddick, 1965). In the regional mapping of 
the Coastal Batholith the simple visual recognition of all 
these features shows that the components group na- 
turally into a relatively small number of units, each with 
specific characteristics, and that each unit can be 
recognized as the constituent rock of numerous sepa- 
rated plutons (Cobbing and Pitcher, 1972a; Cobbing, 
1973; Myers, 1976; Cobbing eé¢ al., 19776, 1981). Often 
such compositional units are represented by individual 
intrusions separated by contacts from other rock-units, 
and it seems likely that each represents a single 
magmatic pulse. 

To be assigned to a particular unit, rocks from within 
the same linear batholith need to have the same relative 
age based on clear cross-cutting contact relationships. 
In addition they should show the same modal variation 
to a similar degree, the same texture and fabric, similar 
xenolith content and character, and the same re- 
lationship to the associated dyke swarms. Confirmation 
has to be sought from aspects of the geochemistry and 
from geochronological studies (Atherton, Beckinsale, 
this volume). Usually such a unit occurs in close 
temporal and spatial association with a small number of 
related units, together forming a consanguineous rock 
suite, which in this study we have referred to hierarchi- 
cally, as a super-unit. 

On this basis seven granitoid super-units and two 
units have been shown to compose the major part of the 
400km stretch of the Coastal Batholith outcropping 
between Lima and Chimbote (Figures 9.1, 9.2 and 9.3), 
the relative chronology being first established by cross- 
cutting relationships between the constituent in- 
trusions, and since confirmed, in large measure, by 
geochronological studies (Wilson, 1975; Snelling in 
Cobbing eal., 1981; Beckinsale and Mukasa, this 
volume). Details are provided in the Memoir previously 
cited (Cobbing e/ al., 1981) with a synopsis in Table 9.1. 

Each super-unit involves a basic-to-acid rhythm 
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Figure 9.3 Chronology of the super-units of the Lima segment 
expressed as differentiating magma batches 


(Pitcher, 1974) and the relative chronology established 
above shows that the Coastal Batholith is made up of 
rocks showing a number of such rhythmic sequences. In 
their geochemical studies Atherton and his co-workers 
(1979, this volume) have confirmed that not only is 
each sequence compositionally consanguineous but 
each shows a unique geochemical signature. Further- 
more each rock suite so recognized shows a rather 
perfect linear progression of composition. 
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A MULTIPLE AND COMPOSITE BATHOLITH 


These super-units are variously represented, but 
commonly two, sometimes three, form the bulk of 
outcrops in any one section across the batholith. The 
outcrop of each is restricted in extent along the axis of 
the batholith, sometimes also in position in the trans- 
verse sense. 

The changing space-time relationships along the 
whole length of the batholith are dealt with by 
Beckinsale (this volume) but in that part which we later 
identify as the Lima segment there is both a general 
contraction of the outcrop area of super-units with time 
and an overall west-east younging of the time of 
intrusion (Figure 9.4). 


A segmented batholith 


The recognition of super-units leads directly to the 
finding that specific assemblages of them (Table 9.2 
and Figure 9.5) characterize different segments of the 
Coastal Batholith (Cobbing et al., 1977b; Cobbing and 
Pitcher, 1983). Three such segments have been cer- 
tainly recognized in the present study in the 1200 km 
long belt between Chimbote and Tacna (Figure 9.1), 
and there is good reason to believe that two more 
segments are involved in the northward extension of the 
batholith towards Ecuador. Although well defined 
there are some overlaps between the segments as 
defined by the principal components: as an example the 
single Jecuan unit sits astride the junction of the Lima 
and Arequipa segments. 

The overall difference between the segments is real 
enough (Atherton, Moore, this volume) and calls for 
explanation. It was at first envisaged that this plutonic 
segmentation would relate to the structural segmen- 
tation of the Andes, the super-unit assemblages chang- 
ing across certain fundamental cross-Andean structural 
lineaments (Pitcher, 1978). In the event, this has not 
proved to be so. Thus, for example, the Arequipa 
segment crosses the line of the Abancay deflection 
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Figure 9.4 Space-time relationships of plutonism volcanism and 
tectonism in the Lima segment of the Coastal Batholith. 
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Super-Unit Age Rock Types 
Position Types of Intrusion Ma Colour index (CI) 
PATIVILCA 
Isolated pluton on eastern flank of Large discrete pluton, steep walled, K-Ar 34 Biotite monzogranite, one pulse is 
batholith with near horizontal roof. Two pulses. Rb-Sr 37 megacrystic in K-feldspar (CI ~ 3) 
Pb-U 37 
n 
Zi 
5 PARIACOTO 
= Single pluton of eastern flank of Form not determined, probably Rb-Sr 49 Biotite monzogranite, in part 
a Casma Complex compares with Sayan and Pativilca megacrystic in K-feldspar 
a plutons 
a 
a CANAS 
Pe Youngest pluton of Huaura Complex — Circular, steeply outward-dipping K-Ar 58 Biotite monzogranite 
& stock 
4 
SAYAN 
Restricted to Huaura Complex Large discrete plutons, steep walled, | K-Ar 61 Biotite monzogranite, with variation in 
with sub-horizontal roofs. Vilca Rb-Sr 64 K-feldspar megacrysts; gradational in 
pluton has two time-separated pulses U-Pb 68 Sayan pluton, restricted to one pulse in 
Vilca (CI ~ 3) 
PUSCAO 
Forms important super-unit along Large bell-jar plutons and ring-dykes. K-Ar 63 Central facies a biotite-hornblende 
250 km of batholith Often vertically zoned with discrete Rb-Sr 65 granodiorite, but varying from tonalite 
flat-lying aplogranite sheets in silicic U-Pb 66 to monzogranite (CI 3-18) 
f= as tops of plutons 
2a] 
a: 
: Z| SAN JERONIMO 
z) = g Forms super-unit extending along Relatively small-volume intrusions; K-Ar 64 Syenogranite-monzogranite, bearing 
bs} 6 © | 160km of batholith ring-dykes, bell-jar and tabulate U-Pb 68 biotite and hornblende; locally a dark 
7) a o plutons. Vertical variations common. monzonite facies (CI ~ 3) 
< a a Two pulses in some plutons 
fata 
=| 25 
sc 04 
OO 
LA MINA 
Minor super-unit confined to Huaura Single, zoned stock-like plutons, K-Ar 68 Biotite-hornblende granodiorite with 
Complex probably multi-pulse U-Pb 71 tonalite/quartz diorite variant (CI 
8-15) 
MAIN DYKE SWARM Dilational dykes from a few cm to K-Ar 73 Aphyric and porphyritic andesite a 
10m in width central type, but variation to dacite 
HUMAYA 
Relatively small area yet widespread _ Plutons of greatly varying size, often | K-Ar 73 Biotite (hornblende) granodiorite with 
el throughout Lima segment lenticular, elongate and steep-walled = U-Pb 73 biotite usually predominant (CI 3-10) 
& 
=) 
n 
% _|SANTA ROSA 
= Most important super-unit of Lima Huge, multipulse, lenticular, elongate, K-Ar 89 The Huaura Complex is zoned inwards 
e segment, apparently a composite of at steep-walled plutons Rb-Sr 76 from quartz diorite to monzogranite: 
fb least two magma batches of possibly U-Pb 82 most widespread is a granodiorite- 
4 different ages. Also late granite tonalite (CI 8-21) 
na plutons 
K-Ar 96 In the Fortaleza and Casma Complexes 
U-Pb 91 there is a marked partition into a 
U-Pb 50 western (darker and tonalitic and 
Rb-Sr 47 eastern (lighter and granodioritic) facies 
with only crude zonation (CI 15-30) 
oe oe PACCHO* _ _ . 
a SS 2 Considerable outcrop on eastern flank A multiple intrusion of many pulses K-Ar Biotite quartz monzodiorite varying to 
a 24 w |of the batholith of similar rock type, sometimes (60 discordant) granodiorite, occasionally monzogranite 
Yn < eo) forming together a single, large U-Pb 63 
5 ola elongate pluton 
JECUAN (ATOCONGO) : Oo , 
String of small plutons on western Relatively small, discrete plutons, of K-Ar 102 Considerable variation in lithology; 
flank of batholith lying astride two equant to linear forms and with steep U-Pb 101 hornblende granodiorite and 


monzogranite are central compositions 
in rocks of very variable grain size 


mi Associated 
Petrography and i Special metal mine- 
Textural Comments s Xenoliths Features ralization 
Coarse grained, granitic texture; megacrysts when ‘8 » None None 
present are poorly-formed orthoclase perthite; large 25 
quartz grains; plagioclase (An,,—An,); distributed biotite oS 
flakes. Distinct differences in texture between each of S rs 
the late granite plutons, e.g. the megacrysts of Pativilca =< None — None 
are the least well-formed, but sometimes mantled to 5 
compare with Pariacoto. A 

v 
Coarse grained granitic texture; phenocrysts of quartz 8 None 
and orthoclase perthite, latter showing rapakivi a Geochemical evidence of inward 
structure; these minerals also in groundmass with crystallization within stock 
plagioclase, biotite and hornblende. 
Perthitic orthoclase with sodic plagioclase mantles, = 
bipyramidal quartz often resorbed. <5 
Coarse grained, non-megacrystic intergrowth of 8 None None 
orthoclase perthite; large quartz grains; subhedral, a 
weakly-zoned plagioclase An,,—An,, ; accessory sphene, 
allanite. Orthoclase encloses plagioclase, biotite, 
hornblende. 
Coarse grained with well-formed megacrysts ( ~ 2.5 cm) Rare, except as flat-lying Spectacular hanging-wall None 
of perthitic orthoclase; plagioclase (An,,—An,,) with trains with fragments of pegmatite and quartz-lined 
albitic rims; distributed biotite in small flakes; quartz basic volcanic or dyke cavities in roof zone; late-stage 
phenocrysts. K-feldspar replaces plagioclase; quartz material aplites 
phenocrysts resorbed. 
Coarse, relatively even-grained intergrowth of euhedral a. § Variable in abundance: Compositional variation marked in None 
plagioclase complexly zoned (with cores An,,_,, 2 -S trains of disrupted basic the vertical, probably present in 
surrounded by zoned An,,_,,); quartz; largely interstitial . Sp volcanics and, or dykes the horizontal. Drusy aplogranite 
orthoclase perthite; elongate hornblendes, some with BCE sheets appear to represent im situ 
cores of clinopyroxene; biotite flakes; accessory ya segregations 
pyroxene, sphene. Quartz in large ellipsoidal grains as 
well as interstitial. 
Medium-grained, predominantly a granophyre with ¥ Rare Vertical variation: upward Minor porphyry-Cu 
phenocrysts of plagioclase (An,,-An,,), microcline per- 3 Ubiquitous, scattered small decrease in grain size, increase in 
thite; bipyrimidal quartz crystals; biotite flakes and elo- rounded enclaves of granophyric texture, phenocryst 
ngate hornblendes, some with clinopyroxene cores. microdiorite development and vesiculation. 
Granophyre, often coarse, radiates from phenocryst nuc- Associated with tuffisite and 
lei which are often part resorbed. Sometimes plagioclase intrusion breccia 
(with An,, cores) is rimmed with sodic plagioclase, even San Miguel 
orthoclase. Replacements show late-stage metaso- 2 Pluton: laterally zoned with surge 
matism 5 contact between outer tonalite and 
Medium, relatively even-grained intergrowth of euhedral g inner granodiorite. La Mina Pluton: None 
plagioclase (zoned An,,-An,,), dispersed biotite and oe irregularly distributed surge 
hornblende, with quartz and K-feldspar interstitial. $ contacts; mineral banding. 
Amphibole may have clinopyroxene cores. Quartz = 
sometimes as bipyrimidal crystals. 
See text 
Coarse grained, equigranular, but with euhedral ‘books’ -= Scattered, small, rounded — None 
of biotite ( ~ 0.5cm) distinctive; sometimes well-formed 2 enclaves of microdiorite 
prisms of hornblende. Euhedral plagioclase (with cores 
An,,, surrounded by zoned An,,—An,,). Quartz usually, 4 
and K-feldspar always, in xenomorphic pools; accessory = 
sphene, apatite. 
The common tonalite is coarse and even grained; Ubiquitous, small, rounded A complex situation resulting from None 
euhedral plagioclase (with cores An,,—An,,, then zoned enclaves of microdiorite the interplay of multipulse 
An,, and rimmed An,,); hornblende (stumpy to acicular , increasing in abundance intrusion of at least two batches of 
prisms) and biotite flakes well distributed; quartz and K- "5 with colour index. original melt, coupled with 
feldspar interstitial. Plagioclase pods occur within quartz & differentiation during uprise and in 
and microperthite grains. Earliest quartz diorites contain 7 situ, and complicated by local 
augite and hypersthene; tonalites may carry augite s surging. 
especially in Casma Complex. Rimmed relationships = 
common e.g. cp—op, cp—op—ho, ep—bi, cp—ho; 
accessory apatite, sphene. Classical systematic change in 
mode with evolution to granitic composition. 
Generally medium grained and even textured. Euhedral  .¥ Ubiquitous, small rounded Regionally altered, chlorite and 
plagioclase (An,,~An,, with cores An,,—An,, and An,, 5 enclaves of microdiorite epidote ubiquitous: disordant K- 
rims) ; clinopyroxene resorbed and rimmed by or Ar mineral ages. 
hornblende; poikilitic biotite; quartz and microperthite ee 
interstitial often in granophyric intergrowth: plagioclase 3 
often poikilitically enclosed by later minerals. es 


3-7 mm transparent, glassy or white euhedral plagioclase 
phenocrysts in granular matrix of 2-7 mm colourless 
quartz singles and anhedral areas of brownish pink K- 
feldspar. In some rocks the grain size of the matrix drops 
to} mm and it may be granophyric. Shiny black 1 mm 
biotite books and 1—5 mm black euhedral prismatic 
hornblendes as single crystals and clusters of 5mm. 


Fabric not discernible. 


5-15 mm rounded 
Microdiorite enclaves. 


Possibly more than one unit 
involved: Atocongo pluton more 
typical of rock types regionally: 
Lachay pluton may belong here. 


Alteration ubiquitous ; 
minor disseminated 


Cu. 


Table 9.1 


SENAL BLANCA 
Western flank of segment: surveyed in 
reconnaissance manner. 


TRUJILLO 
SEGMENT 


Nested, arcuate plutons and isolated 


stocks. Four time-separate units. 


TIABAYA 
Axial along whole length of segment — Large, very elongate steep-walled, K-Ar 81 Hornblende-biotite granodiorite: minor 
flat-roofed plutons Rb-Sr 80 variation to tonalite and monzogranite 
. (CI ~ 12) 
vu 
Z 2} | INCAHUASI 
ea 9 =| Most important super-unit of segment Large, elongate, steep-walled, flat- K-Ar 83 Hornblende-biotite granodiorite and 
= n & | continues south to Rio Vitor 30km roofed plutons Rb-Sr 78 quartz monzodiorite main lithologies, but 
| o | NW of Arequipa range extends from quartz diorite to 
i 2 Pi monzogranite (CI ~ 20) 
mr 4 —— 
g 
< §| £&| PAMPAHUASI 
Ay = 2 Outcrop restricted to 105km belt in Elongate, steep-walled, plutons. Two — K-Ar 94 Earlier unit hornblende-biotite tonalite to 
= | Pisco-Ica region time-separated pulse units U-Pb 94 quartz diorite (CI ~ 28). Later unit 
hornblende-biotite leuco-tonalite 
or (CI ~ 23) 
Py &| LINGA (ICA) 
< Occurs along whole of western flank = Elongate, steep-walled flat-topped, K-Ar 97 Considerable range of monzonitic 
S| of segment multipulse plutons. Up to nine time- — Rb-Sr 96 lithologies (all characterized by pink K- 
& = separated units U-Pb 101 feldspar), monzogabbro to monzogranite 


(CI, monzonites 5-25) 


Well-defined suite ranging from diorite 
through tonalite-granodiorite, monzo- 
granite to syenogranite 


Super-unit position 


i 


Types of intrusion 


Age Ma_ Rock types, colour index (CI) 


LINGA (AREQUIPA) 

YARABAMBA 

Occurs as Eastern Branch of batholith from 
Arequipa southward. 


Large elongate steep-walled flat- 
roofed complex plutons in two major 
closely related pulses with the 
Yarabamba granodiorite cutting the 
Linga monzodiorites 


Rb-Sr 62 Linga monzogabbro to monzodiorite all 
characterized by pink K-feldspar (CI 5-25) 
Yarabamba granodiorite to monzogranite 
(CI ~ 5). 


[ 


ILO 

Occurs as Western Branch of batholith from 
Arequipa southward. 

PUNTA COLES 


TOQUEPALA SEGMENT 


TONA- 
DIORITE LITES |MONZODIORITES TO MONZOGRANITES | 


Occurs in Western Branch of batholith from 
Arequipa southward. 


Discrete stocks and large linear 
complex plutons with steep walls 


Irregular remnants of plutons cut by 
Ilo tonalites 


K-Ar 103 Principally tonalite to granodiorite (CI ~ 10) 


K-Ar 190 Diorite to gabbro 


Table 9.1 (Contd.) 


Coarse and medium grained facies: euhedral plagioclase 
(An,,_,,)3 acicular hornblende and euhedral books of 
biotite; quartz and microperthite interstitial often 
poikilitic in more evolved rocks; accessory apatite, 


sphene, magnetite, zircon. 


Weak 


Hydrothermal vein systems: 
Cu-Pb-Zn-Au 


Isolated, small, rounded Associated 

enclaves of microdiorite microgranodiorite dykes 
porphyritic in 
hornblende, biotite and 
plagioclase 


well developed 
in contact zones 


Coarse to medium grained: euhedral plagioclase 
(An,,_,,) forming framework to aggregates of poikilitic 
hornblende and biotite; euhedral hornblende; pyroxene 
cores within amphibole; quartz and K-feldspar 
interstitial, latter also as anhedral plates; accessory 


apatite, sphene, magnatite. 


Hydrothermal vein systems: 
Cu-Pb-Zn-Au 


Associated with minor 
swarm of andesitic dykes 


Small, rounded enclaves 
of microdiorite 
occasionally in swarms 


well-developed| S-fabric 


S-Fabric 


Units have similar textures: coarse grained euhedral 
plagioclase (An,, and An,,), hornblende as aggregates 
with poikilitic biotite, and as small individual crystals: 
quartz and microperthite interstitial; accessory apatite, 
sphene, magnetite. 


| 


None 


Isolated small, rounded 
enclaves of microdiorite 


earlier units 


Medium to coarse grained: euhedral plagioclase laths 
(An,,_,,) Prismatic clinopyroxene; microperthite 
interstitial graphically intergrown with quartz: 
hornblende moulded by plagioclase. ap, sp, mg. Highly 
systematic mineral changes with changing mode with 
relative time: hornblende takes over from pyroxene as K- 
feldspar, quartz and biotite increase: K-feldspar becomes 
euhedral in most evolved rocks. 


Well-marked textural affinity of all members of the suite. 
Euhedral plagioclase with normal and oscillatory zoning, 
rims of sodic plagioclase. Myrmekitic boundaries 

against K-feldspar in silicic rocks. Clinopyroxene, zoned 
to hornblende and rimmed by biotite and opagues in 
silicic rocks. Aggregates of ferromagnesian minerals 
common. Apatite and sphene late in growth sequence. 


Weak S-fabric | Well-developed} moderately 


locally only in |S-fabric in 


fabric not 


Associated aplite sheets disseminated Cu-Fe-Mo 
and tuffisitic plugs and 


dykes 


Isolated, dioritic 

enclaves. Swarms of 
xenoliths of volcanic 
origin near contacts 


contact zones 


Small, rounded enclaves None 
of microdiorite in more 


basic members 


discernable 


Petrography and textural comments Fabric 


Xenoliths Special features Associated metal mineralization 


Linga: medium-grained 2-3 mm Unfoliated 
groundmass of anhedral to subhedral pink 

K-feldspar, colourless anhedral quartz and 

subhedral to euhedral dark plagioclase 

which grades into euhedral 10 mm 

phenocrysts. Biotite as dispersed euhedral 

singles of 1-2 mm. Greenish black 

hornblende in 1—2 mm subhedral to 

euhedral prisms is commonly combined 

with biotite in clusters of 5-10 mm. 

Yarabamba: 5—10mm tabular and square Unfoliated 
colourless plagioclase crystals varying to 

black embedded in }—2mm matrix of pink 

or grey K-feldspar and colourless quartz. 

Single euhedral | mm biotite flakes and 

prismatic euhedral 1—5 mm single 

hornblende prisms coalesce into 5—10 mm 

clusters in some facies. 


Granular 2-7 mm mosaic dominated by __ Foliated 
plagioclase with anhedral quartz, K- 
feldspar base. Well defined single euhedral 
hornblende prisms of 3-12 mm are 
commonly mantled by }~1 mm biotite to 
give irregular mafic clots. 

Very dark, rather altered diorite with 
occasional prominent equant hornblende 


Foliated 


Abundant 2—5 cm Disseminated Cu 


dioritic enclaves 


Lithologies and textures of Linga 
very variable on a local scale. 
Many textural features in common 
with Yarabamba 


Porphyry copper deposits (57 Ma) 
hosted by this unit 


Few xenoliths 


Small enclaves of None 
microdiorite 
None Intensely fractured and chloritized None 


MAGMATISM AT A PLATE EDGE: THE PERUVIAN ANDES 


Sayan-Pativilca 
Puscao-San Jeronimo 
La Mina 

Santa Rosa-Paccho 
Jecuan 


LIMA 
SEGMENT 


Tiabaya 
Incahuasi-Pampahuasi 


AREQUIPA 
SEGMENT |< (linga 


SEGMENT | ¢ {lo 


"geahent”| ao Yarabamba 


Figure 9.5 The distribution of the most important super-units 
within the Lima, Arequipa and Toquepala segments. 


without compositional or structural change, whilst a 
most important segmental junction lies well to the north 
of the Abancay line and can only be correlated with a 
very subtle change in sedimentation defining the nor- 
thern, Huarmey, and southern, Cafiete basins of de- 
position. Thus the localization of individual super-units 
or their segmental associations does not find expla- 
nation in any structural contrasts that we can con- 
fidently identify in the upper crust. 


A comment on the super-unit concept 


The super-unit concept of granitoid bodies occurring 
in Cordilleran batholiths was first explicitly stated by 


Larsen (1948) who pointed out that about three-fourths 
of the southern Californian batholith is made up of six 
rock types present along the whole length of the 
batholith. This important concept had been partly lost 
sight of by many workers who were more impressed by 
differences between the rocks of neighbouring plutons 
than by the similarities. Work in Peru has led to a 
reaffirmation of Larsen’s concept (Cobbing e¢ al., 1977) 
and, in the Lima segment of the batholith, it has 
provided a key to the mapping. Such a division is also 
recognized in the grouping of formations (cf. units) into 
magmatic sequences by Bateman (1970, 1983), and the 
geochemical definition of suites by White et al. (1977). 
Clearly it is a commonplace finding in batholiths, 
particularly well-exhibited in the mantle-derived I- 
types of the circum-Pacific, less so by the S-type granites 
of crustal derivation. 

In recognizing super-units we are identifying tem- 
porally distinct batches of magma, produced as single 
fusion events either from different sources, or under 
different PTX conditions of remelting or crystallization, 
yet related in some fundamental way. We may also be 
identifying the spatial limits of a melt-cell somewhere at 
depth because the lateral migration of magma in this 
zone of vertical tectonics is unlikely. 


A critique 


The recognition of super-units (rock suites) reveals a 
remarkably ordered pattern of compositional variation 
within the Coastal Batholith which, when coupled with 
the relative and absolute dating, has permitted a neat 
subdivision on Maps | and 2, with their dual key of 
overall composition and super-unit recognition. How- 
ever the immensity of scale—the outcrop covers over 


Table 9.2 Relative ages of the super-units in three segments 


Age Lima segment Arequipa segment Arequipa segment Toquepala segment 
(Ma)  (Huaura) (Ica-Pisco) (Arequipa) 
30 : 
Pativilca 
40 
50 
as Calderas (? age) Cu-porphyry 
Sayan Linga (Arequipa) Yarabamba 
Puscao 
San Jeronimo 
? Paccho ? 
La Mina 
70 
———Dyke Swarm 
Humaya 
80 
Santa Rosa II Tiabaya Tiabaya (? age) 
Incahuasi Incahuasi (? age) 
Santa Rosa I 
90 
? Paccho ? Pampahuasi 
100 
Jecuan Jecuan 
Linga (Ica) Ilo 


Note ages of ~ 190 Ma 
for diorites in Punta 
Coles area 


100 


100 000 km?—has prevented a totally rigorous and 
uniform approach to the mapping during a research 
programme developing over two decades. Generaliza- 
tions were probably inevitable and although the orig- 
inal delineations have stood up well to the test of later 
work, with a general confirmation of the overall 
concept, much revision remains to be done, including 
some reallocation of petrologically similar yet 
geochemically and geochronologically different rocks. 

It is a matter of experience that the more evolved 
members of rock suites, especially the true granites, tend 
to look alike in the field. Thus some pale granodiorites 
allocated to the more evolved units of the Santa Rosa 
Super-unit on the basis of close spatial association, may 
in reality be part of the Puscao Super-unit or, alter- 
natively, a completely separate unit: the plutons of 
Cerro Muerto and Santa Eulalia are a case in point. 
Furthermore contacts between granites, even between 
rocks of very different age, can be remarkably equivo- 
cal, often lacking the expected veining, fining of 
margins, or the presence of hanging-wall pegmatite, 
which reveal the order of intrusion. In what follows 
some resolution of the more important misconceptions 
is attempted. 

The Paccho Super-unit may turn out to be an 
example where the relative age determined across 
simple, abrupt contacts (in admittedly difficult terrain) 
may have been in error. The complication that the 
Paccho rocks, on the eastern flank of the batholith, have 
suffered various kinds of alteration explains the non- 
cordance of K-Ar dating, and only recently have dates 
of 60 Ma (K-Ar) and 63 Ma (U-Pb) refuted the belief 
that the Paccho Super-unit is relatively old in terms of 
the assemblage in the Lima segment. But in fact the 
rocks of this super-unit are disposed in a complex of 
contiguous plutons which may not be of the same age: it 
would be no surprise to find plutons of both Tertiary 
and mid-Cretaceous age in this eastern zone. This is an 
example of the impossibility of resolving such a problem 
without a considerable research investment. But that it 
is not just a parochial problem is seen from Figure 9.4 
where, if the Paccho rocks really are of dominantly 
Tertiary age, then an west-east migration of plutonic 
centres with time seems likely to hold in the Huaura 
transect, as it does so elsewhere (Clarke ef al., 
1973). 

The critical test of whether rock suites, as petrologi- 
cally determined, remain of constant age along the axis 
of the batholith is far from complete, requiring as it does 
a much more extensive dating programme than has yet 
been carried out. Certain preliminary findings are 
discussed by Beckinsale in this volume: often the age 
does remain constant but sometimes not, suggesting 
that two rock types of similar texture and composition 
have been lumped together. 

A simple example is provided by the very different 


A MULTIPLE AND COMPOSITE BATHOLITH 


ages of the petrologically quite similar, but certainly not 
identical, plutons of Sayan (64 Ma) and Pativilca 
(37 Ma). Much more complex is the situation concern- 
ing the great variety of rock types and ages obtained for 
the rocks of the Santa Rosa Super-unit, the main 
outcrop-forming member of the Lima segment. 

The geological complication is that Santa Rosa type 
plutons are both compositionally zoned and multi- 
pulse; furthermore they show an overall regional 
division into a pale granodiorite grading into a tonalite 
and a dark tonalite grading into a granodiorite. 
Sometimes there are contacts between the two, other 
times not. The possibility thus arises that we may be 
dealing with an assemblage of lithologically similar 
super-units, i.e. magma batches, as indeed has already 
been suggested by Atherton et al. (1979, p. 52) on the 
basis of significant compositional variations between 
what has been previously identified as Santa Rosa in the 
Casma plutonic complex and the type Santa Rosa of 
Huaura. Unfortunately the radiometric data are not 
yet sufficiently complete to resolve this on the basis of 
age difference but there are rather clear indications of 
(1), a grouping of dates in the Huaura-Fortaleza sector, 
with an older set of around 90 Ma and a younger of 
between 82 and 76 Ma, and (2), a distinctly younger 
age for the so-called western Santa Rosa of the Gasma- 
Nepefia sector (of 50 Ma). On the resolution of this 
complexity must depend our understanding, not so 
much of units and super-unit sequences, which are real 
enough, and datable within the separate plutonic 
complexes, but of the real extent of coeval batch melting 
along the axis of the batholith. 

A similar confusion of melt batches may explain the 
finding of two age-groupings within the 800 km-long 
belt of distinctive monzonitic rocks forming the Linga 
Super-unit. So similar are these rocks over this distance 
that there was formerly little hesitation in grouping 
them into a single, coeval, super-unit. Indeed the age 
does remain constant, at around 100 Ma, over a 600 km 
distance but, somewhat confusingly in terms of nom- 
enclature, such rocks around Arequipa and in 
Quebrada Linga itself date as 63 Ma, a matter discussed 
in some detail by Beckinsale (this volume). The latter’s 
arguments do not, however, wholly remove this 
author’s conviction that the Linga rocks of Arequipa 
have been reset in the proximity of the porphyry-Cu 
centres. 

These are sufficient examples to illustrate the com- 
plications probably inherent in any such regional study. 
They are not here considered to be reservations on 
the super-unit concept; rather they — reveal 
fundamental additional features. The likelihood is that 
although most time-separated super-units are com- 
positionally contrasted, some are of essentially the same 
composition. Clearly we have not yet fully described the 
‘Anatomy of a Batholith’ (Pitcher, 1978). 
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Andean dyke swarms: andesite in synplutonic 
relationship with tonalite 
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Swarms of basic dykes form an essential feature of the anatomy of the Mesozoic marginal basin and the Coastal Batholith. 
In the Lima segment andesite dykes were intruded during the late stage of consolidation of each of the several major pulses of 
granitoid magma, apparently during the tensional phase of a compressional-tensional cycle. The near coeval production of 
two melts of contrasted rheological properties is an important factor to take into account in the overall petrogenetic model. 


Preamble 


Andean-trending dyke-swarms are important in the 
coastal zone of Peru. In broad terms there are two 
associations; one, of basaltic composition, with the 
volcanic and gabbroic elements of the eugeosynclinal 
basin, and another, of an andesitic composition, with 
the granitoids of the Coastal Batholith. However, in the 
sequel, it will be understood that the reality is a 
continuum of dyke injection, albeit episodic, parallel to 
the axis of the marginal basin. 

A spectacular example of the former is provided by 
the linear swarm of predominantly basic dykes as- 
sociated with a pillow-lava and gabbro complex out- 
cropping north of the Rio Santa. An equally specta- 
cular example of batholith-associated dykes is that of 
the andesite swarm of the Lima segment and coincident 
with the outcrop of the Santa Rosa Super-unit. 
Although there are other super-unit—dyke associations, 
as for example the Tiabaya granodiorite with its 
porphyries, none are so densely packed and abundant 
as those of the Santa Rosa association. 


The early dyke swarms of northern Peru 


Reconnaissance mapping has demonstrated the pre- 
sence of a significant dyke swarm in northern Peru 
which pre-dates the granitoids of the Coastal Batholith. 
The swarm is located north of the Rio Santa and has a 
cross-strike width in excess of 5km (Figure 10.1). 
Whilst the intensity of dyking is relatively low in the 
pillow-lavas forming the upper stratigraphic levels of 
the host Gasma Group volcanics in the southern part of 
the region, the dyke frequency further north is suf- 
ficiently dense to completely obliterate the nature of the 
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Figure 10.1 Sketch map showing the swarm of early basic-acid 
dykes north of Chimbote and their relationship to the granitoids of 
the batholith. Dyke frequency and variations in intensity shown 
schematically. Stereonet shows poles to measured dyke contacts. 
Magnetic north is shown. 


host rocks in some sections and implies significant 
crustal extension. 

Principal host rocks in the region of study are flows, 
flow-breccias, globe breccias, pillow-lavas and sub- 
ordinate sediments of the Gasma Group together with 
hornblende-gabbros and diorites assigned to the Early 
Gabbros. These were intruded by dykes of aphyric 
basalt, microdiorite, hornblende-phyric and feldspar- 
phyric microdiorites. These, in turn, were cut by stocks 


[+4 ]Microgranite 
[__]Microdiorite 


Figure 10.2 Pillowed content relationships between components of 
the basic-acid dyke swarm. 


and dykes of microgranite and porphyritic dacite 
correlated with the Jecuan unit of the Rio Huaura 
region. These acid intrusives are sometimes composite, 
possessing margins of tachylite, while pillowed re- 
lationships with microdiorite further emphasize the 
essential contemporaneity of some basic and acid 
magmatism (Figure 10.2). The acid sheets and stocks 
themselves are extensively injected by largely parallel 
dykes of microdiorite. Dykes dip steeply and, as in the 
case of the Santa Rosa swarm of the Rio Huaura, 
easterly dips are far more common than those to the 
west (compare Figures 10.1 and 10.3). Late shallowly- 
dipping sheets of microdiorite and felsite are easily 
recognized and sometimes they pass upward into dykes. 
Early sills are also present in the volcanic sequence but 
their frequency is difficult to evaluate: they may 
contribute significantly to the thickness of the lavas, 
breccias and tuffs of the lowest formation (Figure 10.1). 

Some dykes are fresh, undeformed and cross-cut a 
cleavage in the globe breccias. Others are deformed to 
varying degrees, sometimes with the development of an 
intense schistosity. The schistosity usually dips more 
steeply than the dyke margin and suggests a steep 
reverse shear movement often concentrated along the 
margin of the dyke. More intense deformation produces 
blastomylonites and horizontal boudin axes. A strongly 
developed mylonite belt is cross-cut by foliated grani- 
toids of the batholith, varying from granodiorite to 
diorite (Figure 10.1). 

The large crustal dilation implied by the dyke swarm 
requires large-scale extensions along an east-north-east 
to west-south-west axis while the common east-north- 
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easterly dip suggests an axis of extension inclined 
towards the west. Such a westerly inclination would be 
consistent with the presumed offshore location of the 
axis of the Huarmey Basin in which the Casma Group 
volcanics accumulated. This finding is of special interest 
in view of recent geophysical and gecchemical results 
which offer some support to the notion of back-arc 
spreading and rifting off-shore of the present coastline 
during the eruption of the Casma basalts (Jones, 1981 ; 
Atherton et al., 1983). Extension and dyke injection was 
evidently interrupted periodically by compression, giv- 
ing rise to the deformation fabrics in the dykes. No dykes 
of proven pre-gabbro age have been observed and so the 
swarm, together with its evidence of oscillating dilation 
and compression, could be related entirely to the period 
of emplacement of the Early Gabbros and the Jecuan 
Unit (101 Ma: see Mukasa, this volume). Alternatively, 
the practical difficulties in identifying pre-gabbro dykes 
in such an intensely dyked terrain raises the possibility 
that at least part of the swarm may be early and related 
to the emplacement of the Casma Group volcanics. 
Circumstantial evidence in support of this is found in 
the much greater intensity of dyking in deep levels of the 
Casma Group stratigraphy compared with the upper 
levels. 


The Santa Rosa dyke association 
A structural control 


The dyke swarm of the Lima segment shares the 
trend of the batholith. Careful measurement reveals a 
conjugate system of steeply dipping dykes with a small 
acute angle (Figure 10.3) and associated with another 
system of more shallow-dipping dykes. Although single 
dykes may run continuously for upwards of 10 km the 
general pattern is of shorter lengths thinning out, being 
overlapped by others, anastomosing, intersecting and 
forming together an interwoven pattern characteristic 
of dilational fracture filling (Figure 10.4). Individual 
widths vary from a few cm to 10m but the swarm as a 
whole rarely forms more than a small percentage of the 
total outcrop, even though measured sections oc- 
casionally provide a dilation factor as high as 13%. 

According to Myers (1976) the apparent paucity of 
dykes in the country rocks of the roof suggests that the 
dykes died out upwards and were not, in any significant 
measure, the channelways for material vented at the 
surface. There are, however, some practical difficulties 
in identifying dykes in volcanic terrain, so that this 
interesting observation cannot easily be tested. Further- 
more, there are several occurrences of dykes radiating 
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Figure 10.3. Schematic cross-section of the dyke-swarm of the 
Santa Rosa association compiled from three traverses to the south of 
the San Miguel pluton (Figure 10.4). After Bussell (1976). 
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Figure 10.4 Map showing the relationship of the dyke swarm to 
the Santa Rosa complex of tonalites and granodiorites (blank) in the 
region of the Rio Huaura. ‘V’ symbols east of the dyke swarm 
represent pre-Santa Rosa Super-unit granitoids as well as volcanic 


rocks of the envelope. 


from plug-like plutons (Figure 10.5) and a particular 
involvement in the Centred Complexes (Bussell, this 
volume), examples which suggest a direct connection 
with contemporaneous vulcanicity. 

The overall axial NNW trend is a clear indication of 
the action of Andean-normal tension during injection. 
The predominant steep dykes are interpreted as being 
emplaced along tensile fractures, whilst the fewer lower- 
angled dykes are probably emplaced along normal shear 
fractures. However the steep orientation of the prin- 
cipal stress indicated by the predominant conjugate 
system suggests that there was a significant component 
of upward directed stress, perhaps expressed as a long 
wavelength — low amplitude flexure across the axis of 
the batholith, and due to a combination of thermal 
expansion and rising magma. 

There are, however, local variations in trend which 
demonstrate the essential contemporaneity of dykes and 
plutons that is the central theme of this account. Thus 
the principal linear dyke swarm curves into the 
Fortaleza centred complex (Figure 10.5) whilst tangen- 
tial dykes encircle the Cerro Puca Jirca pluton and 
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other dykes radiate from a centre on Cerro Cuevas 
(Figure 10.5). All these features can be explained by 
reference to the stress trajectory patterns ascribed by 
Odé (1957) and Roberts (1970) to a varying interaction 
between local, pluton related, and regional stress fields, 
viz. the Fortaleza example indicates the dominance of 
the regional stress system, the Puca Jirca pattern in- 
dicates the dominance of pluton-directed stress, whilst 
that of the Cerro Cuevas suggests the effects of a 
combination of these. Similarly, in the Rio Huaura 
region, the deflection of the dyke swarm around the 
western margin of the Huaura centred complex may 
reflect their emplacement under a combination of local 
and regional stresses: the local component perhaps 
resulting from the early phases in the generation and 
rise of the centred complex magmas. 

If the volume and frequency of dykes are taken into 
account it is possible to see at least two repeated cyclic 
sequences involving a period of mild ortho-Andean 
compression associated with the emplacement of grani- 
toid magmas, followed, in the later stages of con- 
solidation, by extension and the injection of dykes along 
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Figure 10.5 Simplified map of dykes of various ages in the 
Huallypampa-Fortaleza area. (After Myers, 1980). Also shows 
ring-dykes of the Fortaleza centred complex (F), the Cerro Cuevas 
dykeswarm (C), and the Puca Jirca pluton (P). Various theoretical 


fractures of Andean trend. Elsewhere in this volume this 
cyclicity is recognized and modelled as a response to 
variations in both subduction rates and the dip of 
Benioff zones. 


An andesitic composition 


Although only a few chemical analyses are available 
(Table 10.1) the analysed rocks are representative of 
the Santa Rosa dyke association. Two facts emerge 
concerning the composition: that it is very near that of 
andesites world wide, and that its range overlaps the 
most basic end of the compositional spectrum of the 
associated granitoids. 

There is an expected variation in texture; the fine- 
grained groundmass of the andesitic types varies from a 
wholly crystalline association of prismatic hornblende 
and thin laths of andesine, sometimes accompanied by 
granules of pyroxene or flakes of biotite, to crypto- 
crystalline, even glassy, texture, with a pilotaxitic base 
set with microlites of feldspar and amphibole. There are 
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stress trajectories are shown for reference: (a) around an elliptical 
cavity (after Roberts, 1970); (4) result of superposition of a local 
radial system upon a regional field (after Odé, 1957); (c) as (d) 
without regional field (also after Odé). 


Table 10.1 Average composition of three andesite dykes 
from the Quebrada El] Carmen, 18km WNW of Sayan. 
Analyses: W. J. McCourt (1978) 


Average 
Cenozoic 
andesite 
Average Range (Chayes, 
1969) 
SiO, 56.66 (55.78-61.82 58.17 
TiO, 0.56 ( 0.51— 0.68) 0.80 
Al,O, 17.44 (16.50—18.40) 17.26 
Fe,O, 1.94 ( 1.66- 2.15) 3.07 
FeO 4.46 ( 3.30— 5.60 4.17 
MnO 0.15 ( 0.13— 0.18) _ 
MgO 2.92 ( 2.36= 3.38 3.23 
CaO 6.85 ( 5.47— 8.61) 6.93 
Na,O 3.11 ( 2.87— 3.36) 3.21 
K,O 1.75 ( 1.20- 2.49) 1.61 
PO, 12 ( 0.10— 0.15 0.20 


both aphyric and porphyritic types, the phenocrysts 
consisting either of plagioclase tablets or hornblende, 
the latter commonly as stubby prisms or, occasionally, 
as acicular crystals. 
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A batholith age 


Dykes were intruded at various times throughout the 
history of the batholith. Leaving aside the early basic 
dykes (Atherton e¢ al., 1983) which pre-date or accom- 
pany the Early Gabbros (Regan, this volume), there 
were several periods of andesite dyke intrusion closely 
associated with the granitoids, each showing an overlap 
in time with the late-stage history of a particular 
plutonic unit, a synplutonic relationship commented on 
in some detail below. These periods were: late syn- and 
post-Santa Rosa, late syn- and post-Puscao and post- 
Sayan, the most important being the swarm of dykes 
attached temporally and spatially to the final stages of 
the Santa Rosa rhythm. 

The complexity of the individual relationships of the 
latter are well exemplified by occurrences in the valley 
of the Rio Huaura. There, dykes variously cut the 
Humaya unit (73Ma) yet are in synplutonic re- 
lationship with a late, leucocratic phase of the type 
Santa Rosa pluton. In turn they are cut by an early 
outer pulse of the San Miguel pluton (71 Ma) (Figure 
10.4) yet, even so, a few persist until lost as xenolithic 
relicts in the inner pulse of this same pluton. In the same 
locality two dykes in the swarm yield a K-Ar age 
determination of 72.5 Ma (Wilson, 1975). 

Thus taking the general and the specific observations 
together it is clear that a basic, andesitic magma was 
available throughout the history of batholithic 
emplacement. 


Synplutonic features 


That the intrusion of basic-intermediate magma was 
closely associated in time with the granitoids is rein- 
forced by the frequent synplutonic features such as a 
dyke being intruded by late-stage aplites, or displaced 
along now-healed faults, or preferentially deformed, 
recrystallized or dismembered within a granitoid host. 

This is an example of the synplutonic dyke pheno- 
mena as defined by Roddick and Armstrong (1959) in 
the Coast Mountains batholith of British Columbia. In 
Peru a first stage is often marked by the necking of the 
dyke along its length and by back-veining of host into 
dyke; this leads to the formation of either discrete 
‘pillows’ or angular blocks which become isolated in the 
host as xenoliths (Figure 10.6). 

There are examples of different ductile relationships 
with the host. Thus in the Huaura centred complex, 
specifically in Quebrada Huamilache, microdiorite 
dykes cutting across the complex monzogranite ring 
dyke break up into angular xenolith trains 
(Figure 10.6a) in which a jigsaw fit of the pieces can 
often be made. Furthermore, in one of the constituent 
intrusions there are trains of xenoliths, rounded and 
peculiarly fritted, which may represent disrupted dykes 
(Figure 13.24). 

Such synplutonic phenomena are common through- 
out the batholith (Myers, 1976; Child, 1976) but 
especially good examples exist in relation to dykes 
cutting various units of the Santa Rosa in the Huaura 
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Figure 10.6 Examples of synplutonic dyke relationships: (2) Micro- 
diorite dyke disrupted within a granophyric monzogranite host. 
Upper reaches of Quebrada Huamilache, south of Sayan. (5) Dis- 
rupted and strongly deformed microdiorite dykes within a 
monzogranite host. Below Cerro Isidro, Quebrada E] Carmen, 18 km 
WNW of Sayan. Dykes more strongly foliated than host, with 
deformation strongest at contacts and around granite apopyses. 
Pegmatite veins cut both dyke and host. (c) Disrupted microdiorite 
dykes in monzogranite host. Below Cerro Isidro, Quebrada El 
Carmen, 18km WNW of Sayan. Dykes and host only weakly 
deformed, (d) Disrupted microdiorite dykes in undeformed grano- 
diorite host. Cortes Island, opposite George Harbour, British 
Columbia. For comparison with examples (a), (d), (c). Note angu- 
larity of fragments and variation in degree of transformation (lightly 
stippled areas of dyke ‘granitized’). In the field this dyke is cut across 
by another disrupted dyke. 


valley, particularly in the Quebrada El Carmen 
(Cobbing and Pitcher, 1972; S. Banks, pers. comm.). At 
this locality convincing proof of the coeval nature of 
pluton consolidation and dyke intrusion is provided not 
only by the disruption of dykes in a leucogranite pulse 
but by their intrusion by aplites and pegmatites, 
belonging to the late stages of :volution of the pluton. In 
this locality, however, Banks has carefully distinguished 
between true synplutonic phenomena occurring whilst 
both dyke and host tonalite were still mobile, and the 
effects of an overlapping period of deformation which 
took increasing effect as the ductility of the system as a 
whole decreased. There are examples in this locality 
where the effects of deformation are at a minimum 
(Figure 10.6c) but there are others where dykes not only 
show pinch and swell structures (Figure 10.64) but 
develop S > L foliations of varying strength; in some of 
these the foliation is penetrative and largely parallel to 
the contacts, in others it is less intense and has the 
characteristic sigmoidal pattern whilst in others pegma- 
titic veins occupy conjugate arrays of tension gashes. 


Within the trains of xenoliths that represent the final 
term of wholly disrupted dykes there are some foliated 
xenoliths that have been chaotically disorientated 
indicated that the deformation overlapped the history 
of dismemberment. 

The El Carmen demonstration is a general one: that 
the consolidation of the host, the intrusion of basic dykes 
and late-stage granitic differentiates and the defor- 
mation, all overlapped to a considerable degree. What 
is especially important in the E] Carmen example is that 
the disrupted dykes can be followed as a coherent 
swarm into areas where the intrusive relationship is 
entirely normal, the synplutonic disruption being 
specifically related to the locus of the late-stage monzo- 
granite pulse within the main tonalite-granodiorite 
pluton. It is envisaged that where the host was in this less 
consolidated state the ductility was sufficiently reduced 
just to permit brittle fracturing during a rapidly applied 
stress, and thus accept dyke injection, whilst reverting 
to a plastic regime under a more slowly applied stress. 


The significance of synplutonic 
dykes in general 


Synplutonic dyke phenomena are ubiquitous in 
granite terrains, much more so than a survey of the 
literature would suggest (e.g. Coast Mountains 
Batholith of British Columbia—Roddick and 
Armstrong, 1959; Donegal—Pitcher and Read, 1960; 
Sierra Nevada, California—Moore and Hopson, 1961; 
Caribou Mountains, California—Davies, 1963; Bear 
Tooth Mountains, Montana—Prinz, 1965; Cloudy Pass, 
Washington—Tabor and Crowder, 1969; and refer- 
ences in Watterson, 1968; Didier, 1973). The pheno- 
menon is everywhere remarkably similar in aspect (cf. 
Figure 10.6a,¢ and d), with the main differences con- 
cerning the relative angularity of the disrupted parts, 
the degree of pinch and swell and the strength of the 
foliation—all being attributable to the contrast in 
relative ductility of dyke and host at the time of dyke 
injection, coupled with the variable intensity of coeval 
deformation. 

An almost exact analogy with the situation in the 
Quebrada E] Carmen of Peru exists in Sinai where it is 
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modelled by Eyal (1980) as due to the intrusion of 
andesitic magma into a granodioritic mush in its latest 
stages of crystallization. Within the different lithologies 
the varying strength of a superposed deformation is also 
envisaged by Eyal as being dependent on the relative 
competency of the components. 

Contemporaneity of basic-intermediate and acid 
magmas extends far back to the inception of dyke 
intrusion as demonstrated by the early basic and acid 
dykes of northern Peru. Such relationships are also a 
feature of several of the younger granitoid super-units 
(Myers, 1976; Bussell, this volume), Of particular 
fascination is the likelihood that such synplutonic dyke 
phenomena may provide a clue to the source of the dark 
microdiorite xenoliths so common in the granite plu- 
tons. As a Peruvian example the Puscao granodiorite of 
the Lima segment exhibits both bands of amoeboid- 
shaped basic inclusions as well as basic dykes of 
synplutonic type, with rare examples of a progression 
from one to the other. 

It is therefore suggested, following the ideas of Didier 
(1973), that a proportion of the microdiorite enclaves in 
the granitic plutons of Peru may have originated by the 
dismemberment, recrystallization and dispersion of 
coeval dykes, and that this might be a general case. 
That the process can take place within a small range of 
PT conditions during the consolidation of a granitic 
magma is supported by experimental work reported by 
Biisch and Otto (1980). 


Coevality and availability of an 
andesitic magma 


There will be a need in the final model to explain the 
separate production of two melts of very different 
rheological properties, one during a phase of mild 
compression, the other during a consecutive phase of 
crustal extension. Perhaps even more important is the 
recognition of the availability of andesitic magma 
during the whole time span of the batholith building 
process : a magma overlapping in composition the more 
basic members of the granitoids. One might reasonably 
ask whether this magma represents the source material 
of the latter. 
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The Arequipa segment of the Coastal Batholith of Peru is described and compared with the Lima segment. The two segments 

are similar in several fundamental characteristics that imply that the processes of magma generation, emplacement and high- 

level differentiation of the magmas were the same for both segments. However there are important differences between the 
segments some of which may be related to variations in the geometry of the subducted Nazca plate. 


Regional setting 


As detailed in this volume the Coastal Batholith is a 
composite body of many hundreds of individual plutons 
within which, however, the number of specific rock 
units is limited. Consanguineous groupings of units 
have been termed super-units (Pitcher, 1974) and these 
are of such limited geographical extent along the axis of 
the batholith that it has been divided into at least three, 
and possibly five segments, each of which is character- 
ized by a unique assemblage of super-units (Cobbing 
et al., 1977b). The 900 km long Arequipa segment is the 
largest of these segments. 

The first proper descriptions of this particular seg- 
ment were made by Jenks (1948) and Jenks and Harris 
(1953) in the vicinity of Arequipa city in southern Peru, 
an area later studied by Stewart and Garcia (1968) who 
presented a detailed map and memoir. All these authors 
recognized the complex, multi-component nature of the 
batholith and defined a multi-stage chronology of 
emplacement. More recently the Arequipa segment has 
been extensively mapped in its northern sector and this 
paper presents a synthesis of its main characteristics 
using the valleys of the Rios Ica and Pisco as a type 
section (Moore, 1979; Agar, 1978 respectively) 
(Figure 11.1) but also incorporating more 
reconnaissance-style mapping from the rest of the 
segment (J.C. Cobbing and W.P. Taylor, pers. 
comm.). 

In order of emplacement the plutonic rocks of the 
Arequipa segment are: (1) the early gabbros and 
diorites, (2) the Pampahuasi Super-unit named after its 
type locality east of Ica, (3) the Linga Super-unit 
named after the mapping of Stewart (1968), (4) the 
Incahuasi Super-unit named after its type locality in the 
Mala region to the north of the Rio Pisco, and (5) the 
Tiabaya Super-unit named according to the original 
mapping of Jenks (1948) and Jenks and Harris (1953) 
in the Arequipa region in southern Peru. There are 
other units in the Arequipa segment that cannot be 
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assigned to a specific super-unit and these will be 
referred to below. The main characteristics of each of 
the super-units are listed in Table 11.1. 


The components of the Arequipa segment 
The early gabbros 


The growth of the Arequipa segment was initiated 
by the intrusion of large volumes of basic magma. 
Reference to Figure 11.1 shows the wide scattering of 
many, relatively small outcrops of gabbro, mainly as 
isolated roof pendants and screens. This outcrop pat- 
tern is typical of the gabbros throughout the entire 
batholith and is due to the dissection of the originally 
much larger gabbro plutons by the younger granitoids. 

The gabbros of the Arequipa segment, like those of 
the Lima segment, present an overall impression of 
complexity and variability. Although the dominant 
rock type is a coarse-grained, melanocratic augite- 
hornblende gabbro, a wide variety of other basic rock 
types is present including leucogabbros and hornblende 
diorites. Frequently several of these rock types can be 
observed in a very limited area, occasionally within one 
outcrop. Gradational contacts between similar rock 
types, net-veining and brecciation by the younger 
diorites, irregular patches of coarse hornblende peg- 
matite and, in contact zones, intrusion by aplites and 
sheets of granitoid rock are all common features in the 
gabbros. Other features adding to the complexity are 
narrow zones of intense deformation, deformation 
banding and several phases of syn-plutonic basic 
dyking. 

The mineralogy of the gabbros suggests that, as in the 
Lima segment, a gabbro differentiation series is present 
ranging from olivine-augite-hornblende gabbro_ to 
olivine-augite-hypersthene-hornblende gabbro to 
augite-hornblende gabbro to hornblende gabbros and 
diorites (Bussell, 1975; Mullan and Bussell, 1977; 
Regan, 1976; Agar, 1978; Moore, 1979). The pro- 
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Table 11.1 The main characteristics of the super-units of the Arequipa segment 


Associated 
Mineralogy and minor Mineral 
Super-unit Age Modal range! texture intrusives fabrics Mineralization 
The Early Albian— Olivine-pyroxene gabbro olivine, two pyroxene, mafic dykes localized defor- copper 
Gabbros younger than two pyroxene gabbro hornblende and sheets mation belts iron 
107+1Ma __augite-hornblende gabbro* plagioclase An 72-40 (syn-plutonic) and shear 
hornblende gabbro* coarse grained banding 
hornblende diorite textures range from 
cumulate to metamorphic 
Pampahuasi _Post-gabbros, quartz diorite* hornblende aggregates with none well-developed, none 
pre-Linga tonalite* pyroxene cores, minor mineral fabrics, 
acicular and euhedral localized shear 
hornblende; biotite in banding 
poikilitic plates; hornblende 
and biotite in equal 
proportions. Plagioclase An 
56-30 coarse grained 
Linga 97.0+3.0Ma _ monzogabbro hornblende aggregates with aplogranite weak, localized copper 
(K-Ar monzodiorite* pyroxene cores, also sheets, tuffisitic fabrics only 
isochron age) monzonite* euhedral without cores, dykes and pipes 
granodiorite* biotite poikilitic to 
monzogranite* subhedral, hornblende 
dominant over biotite, K- 
feldspar large anhedral 
plates, plagioclase An 55-25, 
coarse-medium grained 
Incahuasi 82.5+1.4Ma quartz diorite hornblende aggregates with mafic dykes moderately hydrothermal veins 
(K-Ar quartz monzodiorite* pyroxene cores, also (syn-to late well-developed copper 
isochron age) granodiorite* euhedral without cores plutonic) fabrics, lead 
porphyritic monzonite biotite pokilitic to localized shear zinc 
monzogranite subhedral, hornblende and banding (rare) gold 
biotite in equal proportions 
plagioclase An 54-25 
coarse grained 
Tiabaya 80.5 + 1.4Ma_ tonalite hornblende euhedral 3:1 hornblende weak fabrics, hydrothermal veins 
(K-Ar granodiorite* prisms up to lcm long, porphyry locally well- copper 
isochron age) monzogranite biotite euhedral books up dykes, partially developed in lead 
to 6mm across; biotite tuffisitic (syn-to contact zones, zinc 
variable from nil to equal _late plutonic) _—localized shear gold 


‘defined according to Streckeisen (1976) 


proportion with hornblende 
plagioclase An 42-24 
coarse-medium grained 


*denotes most common (volumetrically) units 


banding (rare) 
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gressive importance of hornblende both modally and 
texturally from an intercumulus phase to a primary 
cumulus phase presumably indicates an increase in 
Py,o- The exact source of the water is still unclear: it 
may have been concentrated by normal differentiation 
or it may have been absorbed from the country rocks 
during the final emplacement of the gabbros. 

Just as in the Lima segment it is likely that the 
gabbros have petrologic, chemical and temporal afh- 
nities with the Albian volcanics that form the major 
part of the envelope to the batholith but which were 
folded prior to the emplacement of the plutons. The 
shear zones within the gabbros however indicate that 
the gabbros were rising into place as cumulate ‘mushes’ 
during the final stages of the mid-Cretaceous fold 
episode (see Regan, this volume). 


The Pampahuasi Super-unit 


The main outcrop of the Pampahuasi Super-unit is in 
the Ica-Pisco region where it is mainly restricted to the 
western part of the batholith, extends for 100 km in an 
Andean trend and averages 10km wide. Smaller 
outcrops of Pampahuasi units further east (Figure 11.1) 
suggest a more extensive original outcrop before dissec- 
tion, mainly by the Tiabaya Super-unit. 

The Pampahuasi Super-unit is dominated by to- 
nalites and quartz-diorites. It comprises two main units, 
a foliated medium- to coarse-grained tonalite-diorite, 
intruded by a coarse-grained leuco-tonalite which is 
markedly less foliated. Both units are hornblende- 
biotite rocks with similar textures (Table 11.1). The 
early foliated tonalite-quartz diorite can itself be di- 
vided into several very similar facies, differences be- 
tween which are subtle and mainly shown by variations 
in colour index and grain size. Internal contacts 
between these different facies are rarely observed but 
where seen are irregular, very localized and ambiguous 
in terms of relative chronological relationships. These 
contacts are ‘surge’ contacts representing ‘localized 
differential flow within the pluton’ (Cobbing and 
Pitcher, 1972a). This tonalite-quartz diorite was then 
intruded by the leuco-tonalite which represents a time 
separated ‘pulse’ of magma indicated by the sharply 
cross-cutting nature of the contact. 

At this stage it is appropriate to briefly mention the 
Catahuasi unit (super-unit?) which although ranging 
in composition from a quartz-diorite to a monzogranite 
is typically a tonalite. It outcrops in the east of the 
northern part of the Arequipa segment but has yet to be 
mapped and studied in detail. Its relative and absolute 
age relationships with the other units of the segment are 
unknown (E. J. Cobbing, pers. comm.). 


The Linga Super-unit 


The Linga Super-unit forms a very distinctive suite of 
plutonic rocks in that all Linga units, including gabbros 
and diorites, contain a relatively large proportion of K- 
feldspar. There is also a clear association between the 
outcrop of the Linga Super-unit and a belt of copper 
mineralization. 


VARIATIONS ALONG A BATHOLITH 


The Linga rocks were first described in detail from 
Quebrada Linga in the Arequipa region by Stewart 
(1968, in Garcia). For most of its outcrop the Linga 
Super-unit is confined to the western margin of the 
batholith although near Arequipa it occupies a more 
central location. It is the most variable of the super- 
units in the Arequipa segment and thirteen different 
units have been recognized and mapped in the Ica and 
Pisco valleys alone. The nine units that outcrop in the 
valley of the Rio Pisco can be grouped into two rhythms 
each of which forms a differentiation series in its own 
right and each probably representing a separate pulse of 
magma from a differentiating parent (Agar, 1978; Agar 
and Le Bel, this volume). 

The Humay rhythm is the oldest and most basic rhythm 
and contains five units which range in composition from 
monzogabbro to quartz-monzonite. The Humay units 
outcrop in elongate plutons of Andean trend. Units of the 
Auquish rhythm and the separate Rinconada unit contrast 
with those of the Humay rhythm in that they generally 
outcrop as arcuate plutons although an Andean trend is 
still present. These rocks are more silicic and range in 
composition from quartz-monzodiorite to monzogranite. 
The monzonitic units of both rhythms have a large 
number of associated minor intrusions, mainly in the 
form of moderate to steeply dipping sheets and dykes of 
aplogranite. The Auquish rhythm also has associated 
tuffisitic pipes and dykes which are located both within 
the Auquish plutons and also within the volcaniclastic 
country rocks that form the envelope to much of the 
Linga outcrop. The largest of these tuffisites is the 
Quebrada de Cansas tuffisite which outcrops as a 
sinuous dyke of Andean trend and _ measures 
4km x 200m wide (Moore, 1979; see Figure 11.1). 

Although both Stewart (1968), who mapped in the 
Arequipa region, and Hudson (1974), who mapped in 
the region of Acari, considered the Linga Super-unit to 
be a group of hybrid rocks produced by potash 
metasomatism, Agar (1978) and Agar and Le Bel (this 
volume) have convincingly demonstrated that the 
super-unit is, like the other super-units of the batholith, 
a suite of primary rocks derived from a common parent 
magma, albeit a more potassic one. 


The Incahuasi Super-unit 


The Incahuasi Super-unit can be divided into five 
units which, in order of emplacement, are quartz- 
diorite, quartz-monzodiorite, granodiorite, porphyritic 
monzonite and monzogranite. Of these however only 
the quartz-monzodiorite and the granodiorite are vo- 
lumetrically significant (Table 11.1). 

The main Incahuasi units almost always show a 
planar mineral fabric which has an Andean trend. 
However close to major Andean-normal faults the 
mineral fabric is also Andean-normal indicating that 
these faults were active at the time of pluton 
emplacement. 

Incahuasi outcrops are intruded by two sets of dykes 
one of which is related to the younger Tiabaya Super- 
unit but the other is thought to be coeval with the 
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emplacement of the Incahuasi magmas. These dykes 
are black, fine-grained and probably andesitic in 
composition. Generally they are parallel-sided but 
localized irregularities such as ‘pinch-and-swell’, en- 
echelon dyke offsets and the development within the 
immediately adjacent host rock of shear banding 
suggest that these dykes are in part syn-plutonic and 
were emplaced at elevated temperatures along shear 
fractures. The orientation of these fractures is Andean 
and Andean-normal indicating that they were con- 
trolled by the same regional stress system that con- 
trolled the emplacement of the Incahuasi plutons. 


The Tiabaya Super-unit 


The Tiabaya Super-unit is the youngest major 
component of the Arequipa segment and, in the Ica- 
Pisco region, occupies a central position in the batholith 
almost symmetrically dividing the Incahuasi Super- 
unit to the east from the Linga Super-unit to the west 
(Figure 11.1). 

All Tiabaya plutons are characterized by their 
generally leucocratic nature and by the distinctive 
habit of the mafic minerals (Table 11.1). Composi- 
tionally the Tiabaya Super-unit ranges from tonalite to 
monzogranite although the great bulk of the outcrop is 
granodiorite. Tiabaya units are, on the whole, more 
quartz-rich than any other units of the Arequipa 
segment. There are two main units both of which are 
hornblende-biotite granodiorites: the main Tiabaya 
pluton in the Ica-Pisco region is a coarse-grained rock 
whilst a smaller Tiabaya pluton outcropping to the west 
of the main pluton is medium-grained. The time 
relationship between the two units is unknown. 
Another, minor, Tiabaya unit is a porphyritic facies of 
the coarse-grained granodiorite. This unit occurs either 
as isolated sheets in the host rock or as a marginal roof 
facies to the main Tiabaya pluton. 

The Tiabaya Super-unit has associated porphyry 
dykes which contain the typical Tiabaya euhedral 
mafic minerals plus plagioclase as phenocrysts set in a 
fine-grained, grey groundmass. Some Tiabaya dykes 
show syn-plutonic features while others reveal a par- 
tially tuffisitic emplacement. The most extreme exam- 
ples of this are rare dykes of closely packed angular 
fragments of the dyke rock in a very fine comminuted 
groundmass. More commonly the brecciated, tuffisitic 
part of the dyke is restricted to the dyke margins and 
many of the fissures into which the dykes were em- 
placed may have been prepared by gas coring. Many of 
these tuffisitic dykes are located in marginal or roof 
zones of the main Tiabaya plutons. 


The Characas monzogranites 


Small (1-2km) stocks of distinctly pink monzo- 
granite postdate both the Incahuasi and Tiabaya Super- 
units and typically outcrop along the main contact 
between them (see Figure 11.1). Although spatially 
associated with both these super-units this monzo- 
granite is texturally different from either of them and is 
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designated an unassigned unit known as the Characas 
monzogranite. 


Modal composition of the magmas 


Modal plots for each of the granitoid super-units are 
shown in Figure 11.2a—d. With knowledge of the re- 
lative age relationship between the units from cross- 
cutting field contacts it is possible to delineate a petro- 
logical trend with time for each super-unit, each 
being unique (Figure 11.2e). A comparison of the 
modal ranges of both the Arequipa and Lima segments 
is shown in Figure 11.2f This illustrates that the entire 
Peruvian Coastal Batholith is composed of very similar 
rock types with the exception of the potash-rich basic 
rocks of the Linga Super-unit which occupy their own 
area of the plot. 

The volumes of each rock type in the Ica region have 
been estimated by measuring the currently exposed 
areal distribution. These, when compared to the Lima 
segment (Table 11.2), clearly reveal the significant lack 
of monzogranites in the Arequipa segment. In this 
segment the only monzogranites of any note are those of 
the Auquish and Rinconada units of the Linga Super- 
unit. Minor volumes are also associated with the 
Incahuasi, Tiabaya and Characas units. These contrast 
with the large potassic granites of Pativilca and Sayan 
and the granites of the ring complexes such as Cafias, 
Puscao, La Mina and San Jerénimo all within the Lima 
segment (Pitcher, 1978; Cobbing e¢ al., 1981). This 
contrast between the segments is emphasized by con- 
sidering the volumes of the intermediate rocks, tonalite 
and granodiorite, which account for about 58% of the 
Lima segment but 86% of the Arequipa segment in the 
Ica region (see Table 11.2). 


The associated mineralization 


The Arequipa segment has several plutonic-metali- 
ferous mineralization associations that have been fully 
documented elsewhere (Hudson, 1974; Agar, 1978, 
1981; Vidal, this volume) so only a brief resumé is 
included here. 

The most widespread mineralization is associated 
with the Linga Super-unit along the western margin of 


Table 11.2 A comparison of the areal distribution of different rock 
types from the Arequipa and Lima segments. Data from the Lima 
segment from Pitcher (1978) and from the Arequipa region from 
Jenks and Harris (1953). 


Rock type Lima Arequipa 
segment segment 
Casma Sayan Ica-Pisco Arequipa 
Syenogranite 2.0% 0.6% 0.5% 4.0% 
Monzogranite 20.2%, 25.6% 3.0% 
34.0% 
Granodiorite 20.0%, 61.5% 
57.9% = 
Tonalite 46.3%, 24.0% §5.0% 
Gabbro [1.5% 15.8%, 11.0%, 7.0% 
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range of the Arequipa and Lima segments illustrating the area of K- 
rich basic rocks exclusive to the Linga Super-unit of the Arequipa 


segment. Classification triangles after Streckeisen (1976). 


(a)-(d) Modal analyses of the Pampahuasi, Linga, 


Figure 11.2 

Incahuasi and Tiabaya Super-units respectively. Each data point 
represents 2000 point counts. (e) Differentiation curves for the super- 
units of the Arequipa segment derived from modal analyses and 
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the batholith in the Ica-Pisco region. This is a belt of 
copper mineralization where the ores are located 
mainly along joint planes both within the Linga units 
and also in the host rocks. The fact that all Linga units 
have primary fluid inclusions in magmatic quartz 
containing up to 11 daughter minerals indicates a 
magmatic source both for the metals and the saline 
fluids required for their transport. Individual mineral 
veins show a complex, multi-stage history of ore 
deposition with up to five episodes of deposition each of 
which was followed by disruption and brecciation by 
faulting. Each stage is related to the intrusion of 
successively younger members of the Linga Super-unit. 

Copper mineralization is also associated with the 
Tiabaya Super-unit and the early gabbros have as- 
sociated copper-molybdenum deposits. Further south 
units of both the Incahuasi and Tiabaya Super-units 
are known to have associated gold. Note however that 
no super-unit exhibits a unique type of mineralization 
for the full length of the segment (Vidal, this volume). 

In marked contrast to the widespread and variable 
mineralization of the Arequipa segment the plutons of 
the Lima segment are relatively barren. 


Geochronology 


The detailed geological mapping, the identification 
of component units and super-units and the con- 
struction of relative chronological age relationships 
based on cross-cutting contacts provided a strict 
geological control to a limited K-Ar dating programme 
(Moore, 1979, 1984). Sample locations are shown on 
Figure 11.1. 

The concordant results from the Tiabaya, Incahuasi 
and Linga Super-units enable K-*°Ar isochrons to be 
constructed for each super-unit, derived from Moore 
(1984). Because the batholith is thought to have been 
intruded at a high level in the crust (see later) 
concordant hornblende-biotite ages should reflect a 
true emplacement age. 

A K-Ar isochron age of 80.5 + 1.4 Mais the preferred 
age for the Tiabaya Super-unit in the Ica region. 
Sanchez Fernandez (1982) reports Rb/Sr ages from the 
Tiabaya of 82 + 9.1 Ma and 77.6 + 1.0Ma from the 
valley of the Rio Ica and 71.2 + 4.9 Ma from the valley 
of the Rio Mala. In the Cerro Verde region near 
Arequipa, L. Le Bel (pers. comm.) reports an Rb/Sr age 
of 77 Ma for the Tiabaya. The closeness of these ages 
suggests that the Tiabaya Super-unit was emplaced at 
about 80 Ma along the entire 900km length of the 
Arequipa segment. 

The Incahuasi Super-unit in the Ica valley yields a 
K-Ar isochron age of 82.5 + 1.4Ma. The close con- 
cordancy of all nine Incahuasi results suggests that this 
is a very reliable emplacement age. 

The Linga Super-unit has a K-Ar isochron age of 
97.0 + 3.0 Ma. Rb/Sr ages for the Linga by Sanchez 
Fernandez (1982) are 96.0 + 2.8 Ma in the Ica valley 
and 98.9 + 5.8 Ma in the valley of the Rio Yauca. The 
marked concordancy of all these results gives a very 
good control on the timing of the emplacement of the 
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Linga Super-unit in the northern half of the Arequipa 
segment. 

Samples from the Pampahuasi Super-unit and the 
early gabbros yield discordant K-Ar ages. These units 
were emplaced early in the batholith history and, based 
on contact relationships in the Ica region, both pre-date 
the Linga Super-unit. Not only are the apparent ages 
obtained from these rocks discordant but they are also 
too young so that they are interpreted as having been 
reset by the emplacement of the younger, more 
extensive Incahuasi and Tiabaya Super-units. The 
older ages for the Linga Super-unit survived only due to 
their spatial isolation from the younger granites 
(Figure 11.1). Although no definitive ages for the 
gabbros and the Pampahuasi Super-unit were obtained 
their maximum emplacement ages are defined by the 
Albian age of the volcaniclastic envelope rocks (107 + 
1 Ma for the Aptian/Albian boundary, Odin 1982) and 
their minimum ages defined by the Linga Super-unit 
(97.0 + 3.0 Ma) which intrudes both of them. 

The K-Ar results from the Ica-Pisco region and 
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Figure 11.3 Timing of plutonic episodes in the Arequipa and Lima 
segments. Data from the Lima segment from Wilson (1975), Cobbing 
etal. (1981), R. D. Beckinsale and S. Mukasa (pers. comm.). 


published Rb/Sr ages indicate that the emplacement of 
the northern part of the Arequipa segment took place in 
two separate phases. The first phase, between 
107-97 Ma, saw the emplacement of the early basic 
rocks and the granitoids of the Pampahuasi and Linga 
Super-units. The second phase, between 82.5—80.5 Ma, 
saw the emplacement of the Incahuasi and Tiabaya 
Super-units. Thus although the emplacement of this 
part of the Arequipa segment spanned a total period of 
26.5 Ma (107—80.5 Ma) active plutonism was confined 
to two relatively short-lived episodes lasting up to only 
10 and 2 Ma respectively. 

By comparison the Lima segment is thought to have 
been intruded in at least four distinct episodes (Wilson, 
1975; Cobbing et al., 1981; Beckinsale et al., this vo- 
lume). There the batholith is divided into seven grani- 
toid super-units whose relative and radiometric chrono- 
logies are shown in Figure 11.3 with data from the 
Arequipa segment for comparison. 

One of the initial uncertainties regarding the in- 
trusion of the batholith was whether plutonism was 
continuous or episodic. If each of the segments is 
considered separately then, as shown in Figure 11.3, 
intrusion was clearly episodic but if the two segments 
are considered together then emplacement appears to 
have been continuous throughout much of the Upper 
Cretaceous and early Tertiary. This observation echoes 
the findings of Crowder et al. (1973) in the western USA 
where although they recognized discrete intrusion 
intervals in local areas the regional sum of them 
approached a continuum. 


Structure and mode of emplacement 


Although of differing ages, modal compositions and 
mineral textures, the various granitoid units comprising 
the Arequipa segment have a common style of emplace- 
ment in that they are ‘cut out’ of the crust. Pluton 
emplacement was controlled by an orthogonal fault 
system aligned Andean and Andean-normal which was 
established early in the history of the batholith. This is 
illustrated by the trend of many of the plutonic contacts, 
faults and, on a smaller scale, by joints, dykes, aplites 
and pegmatites that are also aligned Andean, Andean- 
normal. Plutons have vertical or steeply dipping walls 
and, where seen, flat roofs. The volcaniclastic envelope, 
although hornfelsed, shows little physical disruption 
and bedding can be traced to within one metre of major 
plutonic contacts. Nearly all plutons also contain 
xenoliths, some of which in contact zones can be seen to 
be derived directly from the host rock by piecemeal 
stoping. Thus pluton geometry and angular piecemeal 
stoping imply a strong brittle fracture control on 
emplacement. 

A similar structural story has been recorded in the 
Lima segment (Bussell, 1975, 1976; Pitcher and Bussell, 
1977; Pitcher, 1978) in that an orthogonal Andean, 
Andean-normal fault system was established early in 
the life of the segment which was continuously re- 
juvenated over a period of at least 30 Ma by successive 
pluton emplacement with each new pluton inheriting 
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the fracture pattern that had controlled its own 
emplacement. 

One major difference between the segments however 
is the presence in the Lima segment of large NNE 
trending dextral wrench faults that were established 
early in the history of emplacement. These played an 
important part in defining pluton contacts and in the 
location of the four centred ring complexes that form a 
central axial lineament along the Lima segment 
(Pitcher and Bussell, 1977; Pitcher, 1978; Bussell, 
1983). Both the syn-plutonic dextral wrench faulting 
and ring complexes are absent in the Arequipa segment. 

Despite these differences it is clear that the entire 
Peruvian Coastal Batholith was emplaced into a crustal 
environment dominated by brittle fracturing and verti- 
cal tectonics; a regime that extended for over 2000 km 
along the Andean lineament. Such a regime indicates 
that the dominant mechanism for pluton emplacement 
was that of cauldron subsidence. Cauldron subsidence 
has been demonstrated in the Huaura and Fortaleza 
ring complexes of the Lima segment (Bussell, 1975; 
Knox, 1971 respectively) and also explains the em- 
placement of the nested plutons of the Auquish rhythm 
and the Rinconada monzogranites of the Linga Super- 
unit in the Arequipa segment. However, apart from the 
Humay quartz-monzodiorite which can be seen to be 
floored by older gabbros in the Pisco valley, this 
mechanism is more difficult to prove in the larger, 
Andean trend plutons that dominate both segments, 
e.g. those of the Santa Rosa and Tiabaya Super-units. 
The Andean, Andean-normal fault system, common to 
both segments, would however have provided planes 
along which large portions of the crust could founder to 
provide space for the batholithic magmas. The presence 
of angular xenoliths of host rocks in contact zones 
indicates that piecemeal stoping also played a role, 
albeit a minor one in volumetric terms, in creating 
space for intrusion. 

So far this discussion has implied a totally passive 
mode of emplacement for the batholith. However most 
plutons in the Arequipa segment and some in the Lima 
segment have planar mineral fabrics and localized 
shear banding predominantly of Andean trend. In 
plutons where the foliations are most strongly develop- 
ed the enclosed xenoliths have also been flattened, 
aligned and themselves contain a planar mineral fabric 
parallel to that in the host rock. This is clear evidence of 
considerable strain and of regional Andean-normal 
compression. 

There thus appears to be a paradox in that the brittle, 
passive mechanism of cauldron subsidence indicated by 
pluton geometry implies an extensional tectonic regime 
but that the mineral fabrics contained within the 
plutons imply a compressive tectonic regime. One 
explanation is that periods of high subduction rates 
resulted firstly in periods of regional Andean-normal 
compression and secondly in the generation at depth of 
granitoid magma. As this magma rose into the upper 
crust it imposed a vertical compression greater in 
magnitude than the regional Andean-normal compre- 
ssion and may even have caused slight updoming of the 
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envelope. Thus during the emplacement of the magmas 
the principal axes of stress were switched such that 
relative Andean-normal extension occurred, enabling 
large portions of the crust to founder to provide space 
for the final intrusion of the granitic magmas. After the 
magmas stopped rising the vertical compressive forces 
declined, and the latter stages of the regional Andean- 
normal compressive event returned as the dominant 
tectonic force imposing aligned mineral fabrics on the 
still cooling plutons. Thus plutons intruded at the end of 
a compressional phase will have weak or absent mineral 
fabrics but those intruded relatively earlier in a compre- 
ssional phase will have more intensely developed fab- 
rics. Whatever the explanation the emplacement of the 
Coastal Batholith seems to have been a complex 
interaction of compressive and extensional tectonic 
regimes. 

The availability of K-Ar ages from the variably 
foliated plutonic rocks enables some control to be 
gained on the timing of the regional compressive events. 
The intrusion of the early gabbros cannot long have 
post-dated the deposition of the Albian volcaniclastics 
so that the deformation of the early basic rocks can be 
reasonably correlated with the latter stages of the well- 
documented mid-Cretaceous fold episode (Cobbing 
etal., 1981). The strongly foliated Pampahuasi in- 
trusions followed almost immediately and the decrease 
in intensity of the mineral fabrics from the Pampahuasi 
to the Linga fits well with a history of declining strength 
of this phase of compression. The K-*° Ar isochron age 
for the Linga of 97.0 + 3.0 Ma can therefore be used to 
date the end of the mid-Cretaceous fold episode. 

The Andean-normal compressive stress system was 
rejuvenated prior to the intrusion of the Incahuasi 
Super-unit at 82.5 + 1.4Ma and the moderately well 
developed mineral fabrics of the Incahuasi units con- 
trast with the generally weaker fabrics (some contact 
zones excepted) in the Tiabaya units (80.5 + 1.4 Ma) 
indicating another progressive decline in the intensity of 
deformation. These dates correlate well with the Santo- 
nian compressive phase illustrated by Mégard (1978). 

Thus it seems that the Arequipa segment in the Ica- 
Pisco region represents two phases of magma emplace- 
ment each of which was associated with a period of 
regional compression and that the mineral fabrics in the 
plutons are a record of those compressional events. The 
Lima segment has also been interpreted as having been 
emplaced within a structural regime of regional 
Andean-normal compression which was periodically 
interrupted by the generation and rise of magma which 
added components of vertical compression and 
Andean-normal extension (Bussell, 1976, 1983; 
Pitcher, 1978). 

The fact that magma emplacement and compressive 
tectonic events are closely linked and are both locally 
episodic implies that the driving force, the easterly 
subduction of the Nazca plate, was itself episodic with 
periods of faster subduction alternating with slower or 
even stationary periods. Similar conclusions regarding 
the episodic nature of subduction, regional tectonic 
events and the generation and emplacement of bathol- 


116 


ithic magmas along the Pacific coast of Peru and Chile 
are now well documented, notably by Larson and 
Pitman (1972), Aguirre et al. (1974), Clark et al. (1976), 
LaBreque et al. (1977), Pitcher (1979), Frutos (1981) 
and Bussell (1983). One of the most widely recognized 
periods of rapid sea-floor spreading with associated 
tectonic-plutonic activity — occurred between 
108-80 Ma_ with  spreading-subduction rates of 
18-15 cm/year. This period corresponds to the em- 
placement of the entire Arequipa segment in the Ica- 
Pisco region and the bulk of emplacement of the Lima 
segment, excluding only the smaller volumes of magma 
associated with the ring complexes and younger mon- 
zogranites. However the K-Ar age data from the Ica 
region (Moore, 1984; this paper) suggests that where 
enough control is available it is possible to locally 
subdivide this episode into much more tightly con- 
strained time periods of active tectonism and plutonism 


e.g. 107-97 Ma and 82.5—80.5 Ma. 


The segmented batholith: the Arequipa 
and Lima segments compared 


The Arequipa and Lima segments of the Peruvian 
Coastal Batholith are now sufficiently well known for a 
meaningful comparison to be made between them. 
Table 11.3 highlights the features that are common to 
both segments and also those features in which the two 
segments differ. These points are expanded below. 

Map | illustrates that both segments occupy the 
same narrow plutonic lineament that, with the rest of 
the batholith, stretches for nearly 2000km along the 
Andean chain but which averages only 65km wide. 
The batholith is also remarkably parallel to the present- 
day coastline and the Peru-Chile trench. Both segments 
were emplaced at high levels in the crust, e.g. 3 km for 
the Linga Super-unit, by processes dominated by 
vertical tectonics with brittle fracturing of the envelope, 
cauldron subsidence and piecemeal stoping. In both 
segments the granitoid intrusives were preceded by the 
intrusion of large volumes of basic magmas that form 
the complex outcrops of the early gabbros and diorites. 
The granitoids of both segments were intruded as 
batches of parent magma (super-units) that each 
underwent high level differentiation to form the in- 
dividual units that were emplaced either as time 
separated pulses or as surges. Both segments are also 
dominated by granitoids of intermediate composition: 
tonalites and granodiorites. 

These similarities imply that the processes of magma 
generation, ascent, emplacement and high level 
differentiation of the individual super-units were the 
same for both segments. 

However there are also some major differences be- 
tween the two segments. These can be divided into three 
categories (see Table 11.3). The regional differences 
include the fact that the Arequipa segment is over twice 
as long as the Lima segment but has fewer granitoid 
super-units. It also has a wider age range of envelope 
rocks which date from the Albian to the Precambrian 


Table 11.3 The Arequipa and Lima segments: a comparison 


(1) Features common to both segments. 
1. Occupy the same plutonic lineament; parallel to the Peru- 
Chile trench. 
2. High-level emplacement. 
. Intrusion controlled by brittle, vertical tectonics. 
4. Granitoids preceded by intrusion of large volumes of basic 
magma (the early gabbros). 
. Granitoids intruded as ‘batches’ of magma (super-units). 
. High level differentiation of the super-units. 
7. Modal composition; both segments are dominated by 
intermediate rocks (tonalites and granodiorites). 
8. Episodic emplacement. 


oo 
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(2) Features in which the two segments differ 
A. Regional differences 


1. Length: Arequipa 900 km, Lima 400 km. 

2. Number of granitoid super-units: Arequipa 4, Lima 7. 

3. Age of envelope; the Lima segment intruded almost entirely 
into Albian envelope, the Arequipa segment intruded into 
Albian to Precambrian envelope. 


B. Structural differences 


4, Ring complexes and syn-plutonic wrench faulting of the 
Lima segment not found in the Arequipa segment. 

5. Mineral foliations more common in the Arequipa segment 
than in the Lima segment. 

6. Santa Rosa dyke swarm of the Lima segment has no 
equivalent in the Arequipa segment. 

7. Timing of plutonism; Arequipa segment two episodes 
between 107-80 Ma, Lima segment four episodes between 
about 100-37 Ma. 


C. Compositional differences 


8. K-rich Linga Super-unit unique to the Arequipa segment. 


9. Major element geochemistry; Arequipa segment more 
potassic but less silicic than the Lima segment. 

10. Volume of monzogranite; Arequipa segment (Ica-Pisco) 
3%, Lima segment 20-25%. 

11. Widespread metalliferous mineralization associated with the 
Arequipa segment; the Lima segment is relatively barren 

12. Initial strontium ratios; Lima segment 0.7042, Arequipa 
segment more variable and generally higher, up to 0.7053. 


which compares to the mainly Albian age of the 
envelope to the Lima segment. 

Structurally the two segments differ in that syn- 
plutonic wrench faults and centred ring complexes are 
present in the Lima segment but not in the Arequipa 
segment and also in that the granitoids of the Arequipa 
segment are more commonly foliated than those of the 
Lima segment. Additionally although there are dykes 
associated with both the Incahuasi and Tiabaya Super- 
units of the Arequipa segment there is no equivalent to 
the densely intruded Santa Rosa dyke swarm of the 
Lima segment within which dilation factors of up to 
13° have been recorded (Bussell, 1975, 1983). In as 
much as plutonism seems to be associated with regional 
tectonic episodes a further ‘structural’ difference con- 
cerns the timing of plutonic emplacement in that the 
Arequipa segment was intruded in two episodes be- 
tween 107—-80Ma but the Lima segment in four 
episodes between about 100-37 Ma (Figure 11.3). 

The structural differences between the segments are 
such that those features which are typical of extensional 
tectonics have their best examples in the Lima segment, 
e.g. ring complexes and dyke swarms. In contrast the 
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lack of these features coupled with the general presence 
of mineral fabrics suggest that the tectonic influences 
during the emplacement of the Arequipa segment were 
mainly compressional. This is intended to be a very 
generalized observation only as there are obvious 
exceptions in both segments, e.g. the strongly foliated 
plutons in the Moro region in the Lima segment and the 
unfoliated, nested plutons of the Linga in the Arequipa 
segment. Despite these exceptions it is possible that 
some of the differences between the two segments might 
be explained by the differences in the relative timing 
between plutonism and tectonism with the units of the 
Lima segment being emplaced predominantly late in or 
post the tectonic phases while those of the Arequipa 
segment were predominantly emplaced relatively ear- 
lier, i.e. synchronous or late with respect to the compre- 
ssive phases. 

Compositionally the two segments show some notable 
differences (‘Table 11.3). The K-rich Linga Super-unit 
of the Arequipa segment, the composition of which 
edges into the field of high K diorites (Gulson e¢ al., 
1972), has no equivalent in the rest of the batholith; the 
Arequipa segment generally is more potassic but less 
silicic than the Lima segment (Figure 11.4) (Atherton 
et al., 1979) and the Arequipa segment contains fewer 
monzogranites (3°% by area) compared to the Lima 
segment (20-25% by area). The Arequipa segment has 
widespread associated metalliferous mineralization in 
contrast to the mainly barren Lima segment and finally 
the initial strontium ratios differ in the two segments in 
that those of the Lima segment are consistently 0.7042 
but those of the Arequipa segment are more variable 
and generally higher, up to 0.7053 (Beckinsale, this 
volume). 

The compositional differences outlined above imply a 
segmental control at the source region of magma 
generation and as such are linked to the subduction 
history of the Nazca plate. The present day geometry of 
the subducted Nazca plate is now well documented and 
can be divided into four major zones; the ‘flat-slab’ 
zones between 2°-15°S and 27°-33°S where the 
Benioff zone dips 5°—10° east and the steeper zones 
between 15°—24° S and south of 33° S where the Benioff 
zone dips at 30° east (Stauder, 1973, 1975; Barazangi 
and Isacks, 1976, 1979; Isacks and Barazangi, 1977; 
Pilger, 1981; Jordan e al., 1983). The change in geo- 
metry of the plate at 15°S is interpreted as a sharp 
contortion of the plate by Hasegawa and Sacks (1981) 
but as a discrete break or tear by Barazangi and Isacks 
(1979). Pilger (1981) attributes the zonation of the 
descending Nazca plate and the origin of the two ‘flat- 
slab’ zones to the subduction of the aseismic Nazca and 
Juan Fernandez oceanic ridges. He explains the low 
angle of subduction associated with the ridges by the 
relative buoyancy of the thicker oceanic crust found 
under the ridges. Jordan e¢ al. (1983) however states 
that features in the subducting plate must be weighed 
against pre-existing discontinuities in the overriding 
plate as the causes of zonation of the subducted plate. 

An example of such a discontinuity in the overriding 
plate is the Abancay deflection zone which represents a 
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Figure 11.4 K,Ov. SiO, plot for units of the Arequipa and Lima 
segments. Lines a and 6 show the limits to the data for the Lima and 
Arequipa segments respectively. Arrows indicate weighted SiO, 
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average of each segment. (After Atherton ed al., 1979). 


sinistral tear across which the Palaeozoic structural 
belts of the Andes show a major change in orientation 
(Gansser, 1973). The Abancay deflection zone and the 
oceanic Nazca ridge intersect the coast at appro- 
ximately the same latitude (Figure 11.5) although as 
the current position of the Nazca ridge cannot be traced 
back beyond the Miocene such a juxtaposition is a 
geological coincidence (Pilger, 1981; Jordan et al., 
1983). The fact that the intersection of the Nazca ridge 
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Figure 11.5 Geometry of the present-day subduction of the Nazca 
plate beneath South America and its relationship to (a) recent 
volcanism, (6) the Abancay deflection zone and (c) the segmentation 
of the Coastal Batholith. (150 km contour on top of the Benioff zone is 
shown). (After Pilger, 1981; Jorden e¢ al., 1983). 
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and the overriding South American plate cannot be 
older than the Miocene also indicates that the Nazca 
ridge and the present-day variable geometry of the 
subducting Nazca plate played no role in the segmen- 
tation of the batholith during the Upper Cretaceous 
and early Tertiary. The Abancay deflection zone can 
also be discounted as a cause as the contact between the 
Lima and Arequipa segments lies over 100 km further 
north and the units of the Arequipa segment cross the 
zone with no apparent change (Figure 11.5). 

However it is known that the present day variability 
in geometry of the subducting plate is linked to the 
generation and eruption of magmas in that the ‘flat- 
slab’ zones have little or no associated recent volcanism 
compared to the zones of steeper dip of the Benioff 
zone above which recent volcanism is abundant 
(Figure 11.5). It is reasonable therefore to suggest that 
some form of variation in geometry of the subducting 
plate existed during the Upper Cretaceous and early 
Tertiary and was the primary cause of the segmentation 
of the batholith. The differences in timing of the episodic 
phases of plutonism in each segment (Figure 11.3) 
supports such an hypothesis in that they imply that at 
any one time subduction rates in one region may have 
been higher than those in other regions. This further 
implies the presence of lateral discontinuities in the 
Nazca plate during the Upper Cretaceous and early 
Tertiary across which different parts of the descending 
plate were able to move independently from one 
another, i.e. differential subduction was occurring 
presumably linked to differential accretion at the East 
Pacific Rise. 

In conclusion it can be stated that a reasonable model 
for the primary cause of segmentation of the Peruvian 
Coastal Batholith was the presence of variations in the 
geometry of the contemporary subducting Nazca plate. 
Secondary differences may have been imposed on the 
two segments at higher levels in the crust by differences 
in the relative timing of regional tectonism and pluton 
emplacement. 
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A special feature of the Arequipa segment is the presence of a considerable suite of high-K rocks the petrology and geochemical 
evolution of which is, nevertheless, typical of calc-alkaline magmas in general. They occur on the western flank of the 
batholithic belt and cannot therefore be interpreted as related to the deepest part of any subduction zone. 


Introduction 


The study of the Linga Super-unit, one of the earliest 
members of the Arequipa segment, is of particular 
interest because high-K potassic or shoshonitic mag- 
matism in continental margins or island arcs has been 
taken as an indicator of the state of evolution of such 
plate boundaries (Morrison, 1980) and, while studies in 
such volcanics are quite common, their plutonic 
counterparts are more rarely exposed and hence less 
frequently studied (Mueller e¢ al., 1979; Pagel and 
Leterrier, 1980). In particular, high-K diorites have 
been demonstrated as the product of subduction related 
processes (Gulson et al., 1972). 

Rocks of the Linga Super-unit were first described by 
Steinman (1929) and later by Jenks and Harris (1953) 
as being noticeably more potassic than other members 
of the Coastal Batholith. Later still, Stewart (1968) 
described them in their type section, west of Arequipa, 
as ‘hybrids produced by the assimilation of earlier basic 
rocks by younger granitic magmas’, while Hudson 
(1974) proposed that K-rich volatiles emanating from 


granite intrusions metasomatically altered older basic 
rocks to produce the Linga suite. However, a magmatic 
origin has since been demonstrated for the Linga rocks 
of both the Rio Pisco section (Agar, 1978, 1981; 
Atherton et al., 1979) and for those of the type section 
near Arequipa (Le Bel et al., in press). 

In the Rio Pisco section, the Linga Super-unit has 
been mapped as having nine constituent units, each of 
which shows an internal variation referred to here as a 
rhythm (Table 12.1, Agar 1978). Mapping of the Linga 
rocks in their type section is less complete and while 
some individual plutons and internal contacts have 
been recognized, individual units remain undeter- 
mined. However, a detailed petrochemical study of the 
Linga rocks in that section provides a data base for 
studies of magma genesis and evolution in the Linga asa 
whole (Le Bel et al., in press). 

Apart from its importance as a major constituent of 
the Arequipa segment, the Linga Super-unit is also 
associated with widespread copper mineralization and 
is unique within the batholith in its monzonitic high-K 
character, in being the only super-unit, other than the 


Table 12.1 Rhythms and units of the Linga Super-unit in the Rio Pisco section 


Rhythm Unit Characteristics 
Rinconada Monzogranite An,,, anhedral, tourmaline in vugs and 
rimming hornblende 
Auquish Monzogranite An,,, broken and corroded in grano- 
Porphyritic monzogranite phyric groundmass, pyroxene absent. 
Quartz monzodiorite Emplaced in nested arcuate plutons. 
Humay Quartz monzonite sheets An,,, euhedral 8mm laths in gabbros and 


Quartz monzonite 
Quartz monzodiorite 
Quartz monzogabbro 
Monzogabbro 


diorites, becoming smaller in monzonites. 
Pyroxene common. Quartz and ortho- 
clase intergrown in interstitial spaces. 
Emplaced in elongate, nested plutons. 
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gabbros, with cumulate rocks and olivine, and also in 
having abundant primary fluid inclusions in all of its 
units. 


Structural aspects 


In the Rio Pisco section, the Linga Super-unit is 
comprised of nine distinct units which map out into 
their own discrete plutons (Figure 12.1). Contacts are 
sharp and clear-cut although there is evidence for local 
metasomatism at all contacts. Each unit has its own 
hydrothermal alteration halo consisting of up to three 
zones, potassic, sericitic and propylitic, in sequence 
outwards from the pluton contact, to which they are 
sub-parallel. The sericitic zone is often intermittent or 
absent and development of the potassic zone is directly 
proportional to the K,O content of the parent intrusion, 
indicating a predominantly magmatic source for the 
hydrothermal fluids and the essentially localized nature 
of the metasomatism (Agar, 1981). 

Plutonic contacts, both in Pisco and in Arequipa, are 
closely controlled by faulting and jointing, with the 
dominant orientation of contacts being Andean and 
Andean-normal (Bussell, 1976). Typically, the walls of 
plutons are vertical and the roofs are flat. Two Linga 
units in the Pisco section, the Humay quartz monzogab- 
bro and the Auquish quartz monzodiorite, can be seen 
to overlie foundered blocks of earlier intrusives, provid- 
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Figure 12.1 Geological map of the Linga Super-unit in the Rio 
Pisco (after Agar, 1981). Bottom: Schematic section through the 
Linga Super-unit in the Pisco section showing the steep-sided, flat- 
roofed and often ‘nested’ nature of the plutons. 
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ing examples of emplacement by cauldron subsidence 
(Figure 12.1, bottom). The former is emplaced in a 
roughly rectangular pluton, elongate in the Andean 
trend, while the latter is part of a group of nested 
arcuate plutons similar to, but much smaller in scale 
than, the large centred complexes of the Lima segment 
(Bussell et al., 1976). In common with these centred 
complexes, the Auquish rocks are associated with 
tuffisitic breccias which occur as both sheets and pipes 
within and around their respective plutons (Agar, 
1981). 

Xenoliths, while not particularly common in any 
Linga unit of the Rio Pisco section, may be locally 
abundant, especially close to plutonic contacts. Both 
the Humay quartz monzodiorite and quartz monzonite 
invade their respective host rocks along joint planes and 
are very xenolithic in parts; the Auquish quartz 
monzodiorite is particularly xenolithic immediately 
below its roof. Here, large angular joint blocks of the 
overlying andesitic volcanics have been stoped away 
and become increasingly broken-up and assimilated 
downwards. 

The brittle response of the envelope to emplacement 
and the additional presence of tuffisitic breccias suggests 
that, as in the centred complexes of the Lima segment 
(Bussell et al., 1976), emplacement of the Linga Super- 
unit was at sub-volcanic levels (Agar, 1981). 


Petrology, mineralogy and fluid 
inclusion studies 


Although the type of detailed division made in the 
Rio Pisco has not yet been made in the Arequipa 
transect the super-unit is known to range in com- 
position from adcumulate gabbros through high-K 
diorites to granites (Le Bel et al., in press). While 
adcumulate gabbros are not known in the Pisco section, 
cumulose textures are preserved in the more basic 
members of the Humay rhythm and primary igneous 
layering is seen in a sill-like pluton of the Humay 
monzodiorite (Agar, 1978). 

In both Pisco and Arequipa, all Linga rocks contain 
plagioclase, hornblende, orthoclase and quartz in vary- 
ing proportions with pyroxene, biotite, apatite, sphene, 
epidote, chlorite, tourmaline, magnetite and ilmenite 
often, but not always present as accessory minerals. 
Plagioclase, generally the first mineral to crystallize, 
occurs as laths of up to 8mm long in members of the 
Humay rhythm. However, in successively younger 
rocks of the Auquish and Rinconada rhythms, the 
plagioclase becomes increasingly broken and corroded. 
Furthermore, corroded calcic cores to younger zoned 
plagioclase individuals are common in the dioritic and 
granitic units and demonstrate that equilibrium be- 
tween the crystal and its surrounding liquid was not 
always maintained. 

Plagioclase compositions have been determined for 
the Arequipa rocks by microprobe analysis and fall into 
three groups (Figure 12.2). Gumulate plagioclase and 
the corroded cores of younger ones range from An,, to 


An,,, the remaining crystalline plagioclases vary be- 
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Figure 12.2 Representation of feldspar microprobe analyses from 
the Linga Super-unit of the Arequipa section (after Le Bel e¢ al., in 
press). Filled circles represent unzoned plagioclase of the gabbroic 
rocks (44, 75) and inner zones from plagioclase of high-K diorites (46, 
82) which show the same range of composition. Zoned plagioclase 
and K-feldspar are represented by open circles. The range of 
plagioclase compositions both within a single rock and within the 
super-unit as a whole is shown by the two plots for specimens 45 and 
46, Fine-grained groundmass material in a granodioritic unit plots 
near the Ab apex (47) and perthitic K-feldspars evolve towards the 
Or apex (Na-rich phases of perthites were not probed). 


tween An,, and An,,, and the fine-grained interstitial 
plagioclase of a porphyritic granodiorite has a com- 
position of An, (Le Bel et al., in press). Plagioclase in the 
Pisco section, determined optically, shows a change 
from An,, in the Humay rocks to An,, in those of the 
Auquish rhythm (Agar, 1978). Thus, the plagioclase in 
both sections became progressively albitic as the super- 
unit evolved. This, plus the presence of cumulose 
textures and cumulate plagioclase compositionally 
identical to corroded plagioclase cores, strongly implies 
that its fractionation was important in the evolution of 
the super-unit. Modal analyses of the Rio Pisco rocks 
(Table 12.2), when plotted on a ternary QAP diagram, 
not only reinforce the above point, but also suggest that 
differentiation of each rhythm took place separately, 
and that each was derived at intervals from a separately 
differentiating parent (Figure 12.3; Agar, 1981). 
Similarly, plotting modal quartz contents as an in- 
dicator of differentiation against plagioclase as an 
indicator of fractionation, parallel trends are seen in the 
rhythms with each tied by its oldest unit to a separate 
underlying trend (Figure 12.4). 

Augite and hypersthene co-exist in the more basic 
units of the Linga although the former is the more 
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Figure 12.3 Plots of mean modal compositions of the units of the 
Pisco section on a ternary QAP diagram (after Streckeisen, 1976). 
Broadly parallel trends of the Humay and Auquish rhythm reflect 
plagioclase fractionation of separate batches of magma while the 
oblique trend through early phases of each rhythm reflects the 
evolution of a parent magma (after Agar, 1981). 


common. Both tend to be prismatic in habit and may be 
included in plagioclase or amphibole, the latter often 
enclosing a number of separate pyroxene individuals in 
what is clearly a primary crystallization texture (Agar, 
1978; Le Bel e¢ al., in press). Microprobe analyses of 
Arequipa pyroxenes show clear parallel trends between 
end members En-I's and Di-Hd, identical to those for 
the Guadalupe igneous complex (Figure 12.5), de- 
monstrating a compositional evolution akin to that of 
calc-alkaline rocks crystallizing under conditions of 
high fy,o (Best and Mercy, 1967). Furthermore, such 
moderate Fs enrichment together with the minor 
element contents of the less evolved pyroxenes 
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Figure 12.4 Plot of modal quartz against modal plagioclase for 
units of the Pisco section (after Agar, 1981). The sub-parallel trends of 
each rhythm reflect a separate evolution from a parent magma 
represented here by an oblique trend through the earliest phases of 
each rhythm. 


Table 12.2 Mean modal analyses of the Linga Super-unit in the Rio Pisco section. 
Humay rhythm Auquish rhythm Rinconada 

H! H2 H3 H4 = 4H5 Al A2~ A3 R 
Plagioclase 59.9 55.9 57.5 45.3 37.0 49.9 29.2 17.1 20.6 
Quartz 4.8 34 8.7 12.1 16.9 14.0 26.4 32.5 33.7 
K-feldspar 89 12:0 11.3 22:3: 301 15.3 31.1 45.3 34.2 
Hornblende 19.8 21.0 16.6 16.7 12.4 15:5 94 0.3 4.0 
Pyroxene 2.4 19 «60.5 t = ae a = = 
Biotite/chlorite — 15 #18 tr a 18 05 2.5 7.4 
Opaques wot 16 21 16 28 19 18 tr 
Accessory 41 4.1 17 Fl 20 O9 Ls .04 tr 
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Figure 12.5 Pyroxene evolution trends of the Linga Super-unit in 
the Arequipa section (after Le Bel e al., in press). Filled circles 
represent pyroxenes from gabbros and open circles, those of successive 
‘liquids’. Tie lines join coexisting ortho- and clinopyroxene. The flat 
trends of both types of pyroxene are similar to those described by Best 
and Mercy (1967) for the Guadalupe igneous complex (trend lines 
marked g) and contrast markedly with evolution trends from tholeitic 
complexes as illustrated by the Skaergaard complex (trend marked s, 
after Brown and Vincent 1963). 


(Appendix, p. 127) are typical of the shoshonitic asso- 
ciation (Morrison, 1980). 

Hornblende crystallized late in the sequence and 
usually occurs as angular anhedral interstitial in- 
dividuals although some prismatic crystals are seen in 
the more granitic units where they frequently have a 
paler coloured euhedral core, rich in opaque minerals 
(Agar, 1978). In common with biotite, the amphibole 
shows a reduction in Mg content with time (Le Bel et al., 
in press), a feature of most calc-alkaline suites (Dodge 
et al., 1969). 

The K-feldspar is micro-perthitic orthoclase, ranging 
in composition from Or,, to Or,, (Figure 12.5, Le Bel 
et al., in press). Crystallization of orthoclase was pre- 
ceded by that of all other major minerals with the 
exception of quartz. The K-feldspar is often seen 
enclosing plagioclase and, apart from the corroded 
outline of the latter, there is no evidence for any reaction 
at the grain boundary in a texture that is essentially 
monzonitic. Orthoclase is always intergrown with qua- 
rtz, the last major mineral phase to appear. In the more 
basic units of the Humay rhythm, this intergrowth is 
restricted to small interstices between large plagioclase 
laths. One quartz crystal may be intergrown with a 
number of orthoclase individuals which effectively rim 
the surrounding plagioclase laths. In the monzogranitic 
units, the quartz-orthoclase intergrowth dominates the 
rock and the texture is granophyric. 

Of the accessory minerals, apatite occurs as both 
idiomorphic inclusions in plagioclase and as 6mm 
pencil-like laths, crystallization evidently having span- 
ned the whole cooling history of each unit. Sphene 
appears late in the sequence and is often intergrown 
with both quartz and orthoclase. Tourmaline occurs as 
large, strongly pleochroic black crystals in pegmatitic 
vugs in the Rinconada monzogranite and the rims of 
hornblende individuals in the same rock show partial 
tourmalinization (Agar, 1978). While there are no 
known tourmaline-bearing vugs in other Linga rocks, 
partial tourmalinization of amphibole is also observed 
in the monzogranites of the Auquish rhythm. Epidote 
and chlorite frequently occur together and are secon- 
dary alteration products of pyroxene, amphibole and 
biotite (Agar, 1981). The principal ore minerals are 
magnetite and ilmenite and they co-exist in all Linga 
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Figure 12.6 Fluid inclusion types in primary magmatic quartz of 
all Linga units in the Rio Pisco section (after Agar, 1981). V, vapour; 
L, liquid; H, halite; S, sylvite; A, anhydrite; He, hematite. 


10 
oO pm 


units. Both show an increase in MnO content with time 
(Le Bel e¢ al., in press) and appear to be typical of rock 
suites derived by fractional crystallization (Guerin 
etal., 1979). 

Quartz of all Linga units in the Rio Pisco section 
contains abundant fluid inclusions of three types 
(Figure 12.6), two primary and one secondary (Agar, 
1981). Their presence affords an opportunity to study 
the evolution of the residual fluids of successive Linga 
magmas. Also the co-existence of two types of primary 
inclusion, one vapour-rich of low salinity and the other 
rich in daughter minerals and of high salinity, indicates 
that boiling took place as the quartz of each unit 
crystallized, thereby allowing a quantitative estimate of 
the depth of crystallization of the quartz to be made 
(Nash, 1976). 

Qualitative analysis of type II inclusions revealed 
that the number of daughter minerals present varied 
from 4-5 in the Humay gabbroic and monzodioritic 
units to as many as 11 in the Auquish monzogranites 
(Agar, 1981), reflecting either an increase in the 
complexity of the residual fluids with each successive 
unit or a similar increase in the homogenization. and 
hence crystallization temperature of the quartz. The 
daughter minerals present were determined optically 
and include both alkaline chlorides, hematite, anhy- 
drite, calcite and sulphide ores, strongly implying a 
genetic relationship between these residual Linga fluids 
and the spatially associated regional low-grade copper 
mineralization (Agar, 1981). 

Microthermometric analysis of the primary in- 
clusions revealed that type I inclusions homogenized at 
temperatures between 550° and 600°C (Agar, 1981). 
Type II inclusions however failed to homogenize due to 
the presence of complex daughter minerals which 
would have been unable to maintain equilibrium with 
the included fluid (Yermakov, 1950). The salinities of 
type I fluids lie in the range 8-15 eq. wt. °% NaCl and 
those of type II inclusions range from 20—60 eq. wt. % 
NaCl (Agar, 1981). Thus, boiling of the fluid from 
which the quartz crystallized produced a low-salinity 
vapour phase and a high-salinity liquid phase. The 
salinities of each respective phase and the homogeni- 
zation temperature of the inclusion are related to the 
ambient pressure at the time of boiling (Sourirajan and 
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Figure 12.7 Coexisting gas and liquid compositions in the system 
NaCl-—H,O at elevated temperatures and pressures (after Sourirajan 
and Kennedy, 1962, and Agar, 1981). 


Kennedy, 1962). In the case of the Linga rocks this has 
been shown to be between 800 and 900 bars 
(Figure 12.7), indicating emplacement and crystalli- 
zation of the quartz at a maximum depth of 2.9-3.2 km 
(Agar, 1981). 

Thus the fluid inclusion data indicate a sub-volcanic 
depth of emplacement for the super-unit in the Pisco 
section, a depth which compares favourably with that of 
3.6 to 7.2 km obtained for a pluton in the Lima segment 
(Atherton and Brenchley, 1972). Furthermore, the data 
also quantify the high level of emplacement indicated 
by the structural characteristics of the super-unit and 
the granophyric textures of some of its members. 

To summarize, the clearly defined petrological and 
compositional trends displayed by the constituent mi- 
nerals are characteristic of a development controlled to 
a large extent by plagioclase fractionation. In detail, the 
textures of Linga rocks further support such an evol- 
ution with both cumulate and liquid phases represented 
in different Linga units. Furthermore, orthoclase itself 
shows a range of compositions, becoming progressively 
richer in potash with time, and significantly, shows no 
reaction with plagioclase at grain boundaries. The 
latter are for the most part pristine in appearance and 
the distribution of both feldspars within the Linga rocks 
is related to individual Linga units and their place in the 
emplacement history of the super-unit as a whole. Not 
only do the major constituents of the super-unit support 
evolution by differentiation and fractionation, but there 
is good evidence to suggest that fluids evolved from 
successive Linga units became enriched in incompatible 
elements such as halides with time (Agar, 1981), yet 
another indicator of fractionation in the super-unit as a 
whole (Fuge, 1977). Thus it is concluded that the Linga 
Super-unit evolved by a process of differentiation and 
fractionation of an original magma body without the 
involvement of metasomatic processes. Three discrete 
batches of magma were derived from a single, similarly 
differentiating parent magma by fractionation of both 
plagioclase and pyroxene. 


Geochemistry 


Geochemical data for the Linga Super-unit comes 
from Agar (1978), Le Bel ed al. (in press) and Appendix 


THE LINGA SUPER-UNIT 


1 (a). Six analyses from the Rio Pisco have been used to 
support a magmatic, as opposed to metasomatic model 
for the evolution of the Linga and demonstrate its 
similarity to high-K diorites as defined by Gulson and 
others (1972; Agar, 1978, 1981). Later work further 
demonstrated, by way of REE trends, the role of 
plagioclase fractionation in the evolution of the super- 
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Figure 12.8 (a) Harker diagrams for selected elements. Solid 
circles = Arequipa rocks (Le Bel etal, in press), open 
triangles = Pisco rocks (Agar, 1981), crosses=G and H_ of 
Appendix | (a) (Atherton é/ al., 1979). Solid fields = data for Tiabaya 
Super-unit in the Arequipa area (Le Bel e¢ al., in press). (b) Ternary 
Na,O-K,O-CaO and AFM plots for the Linga Super-unit. Solid 
circles = Arequipa data (Le Bel e/ al., in press), open triangles = Pisco 
data (Agar, 1981) and crosses = G and H (Appendix; Atherton e al., 
(1979). Calc-alkaline and oceanic trends after Green and Poldervaart 
(1958). (c) Evolution of the Linga Super-unit with respect to the R1- 
R2 diagram of De La Roche and Leterrier (1973) where 
R1 =4Si—11(Na+K)-—2(Fe+ Ti) and R2=6Ca+2Mg+ Al 
(wt.% converted to cationic components). The Linga trend is located 
between the typical calc-alkaline (C.A.) and shoshonitic (B) trends. 
Numbered points refer to analyses listed in Appendix | (a). 
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unit (Atherton e¢ al., 1979) and also showed important 
differences in the trace element composition of Linga 
rocks in different sections of the Arequipa segment 
(Atherton, this volume). A recent in-depth study of 
twenty-two rock analyses from the Arequipa section, of 
which ten were selected for trace and rare earth element 
analysis, confirms the earlier observations and provides 
important pointers towards the source and composition 
of the original magma (Le Bel e¢ al., in press). 
Variation diagrams for major oxides demonstrate the 
consanguinity of Linga rocks in both the Arequipa and 
Pisco sections respectively and also show no significant 
difference in the major chemistry of the two sections 
(Figure 12.8a). Variation curves for CaO and 
’ Na,O+K,O intersect close to 59% SiO, and are 
typical of calc-alkaline magmas (Peacock, 1931). 
However, the Na,O+K,O, K,O and K,O/Na,O 
curves show an enrichment in alkalis relative to other 
members of the Arequipa segment and _ the 
Na,O-K,O-CaO and AFM ternary plots show trends 
to the alkali side of the typical calc-alkaline trend 
(Figure 12.84). Furthermore, the rocks of the Arequipa 
section, when plotted on the parametric diagram of 
de la Roche and Leterrier (1973), lie on a trend parallel 
to and midway between those of the calc-alkaline and 
shoshonitic rock associations (Figure 12.8c). Thus in 
terms of their major element chemistry, the Linga rocks 
appear to be not so much shoshonitic as a potassic 
variety of the calc-alkaline association, and very much 
akin to the high-K diorites of Gulson and others (1972). 
Trace element data for the Linga Super-unit in the 
rocks of the Arequipa section (Le Bel e¢ al., in press) 
show a progressive enrichment of incompatible ele- 
ments in the non-cumulate rocks confirming not only 
that they were derived from liquids but also that they 
evolved by a process of fractional crystallization (Le Bel 
et al., in press). Cumulate rocks and those derived from 
liquids are also distinguished by their REE patterns 
which also indicate fractionation of plagioclase 
(Figure 12.9), a feature also shown by the negative log 
relationship between Sr and Rb (Figure 12.10). While 
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Figure 12.9 | Observed REE patterns in the Linga Super-unit, 
Arequipa section (after Le Bel etal., in press). Note the lower 
abundances and + ve Eu anomalies of the gabbroic rocks (75, 73 and 
44) compared to the higher abundances and negative Eu anomalies of 
the more evolved rocks. 
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Figure 12.10 Srv. Rb diagram for the Linga rocks of the Arequipa 
section (after Le Bel e¢al., in press). The rectilinear trend per- 
pendicular to the Rb/Sr = | line indicates an evolution controlled 
predominantly by plagioclase fractionation. Numbered points refer 
to analyses listed in Le Bel ed al., in press. 


such REE patterns are rare in plutonic rocks, those of 
the Linga Super-unit are identical to those of the high- 
K diorites of the Yeoval batholith of Australia (Gulson, 
1972). 

Isotopic data for the Linga give variable ages but 
indicate a dominantly mantle origin for the magma 
with only a very minor crustal component. The 
87Sr/®°Sr initial ratio of 0.70516 obtained on rocks of the 
Arequipa section (Le Bel et al., in press) is somewhat 
higher than that of 0.7042 gained from Linga rocks 
further north (Beckinsale, this volume) but, when 
compared to the ratio in the surrounding Charcani 
gneisses of 0.760 (calculated value for Cretaceous times ; 
Le Bel e¢ al., in press), indicates that any crustal 
component in the Linga magmascan only be very slight 
(see Mukasa, this volume). 

When compared to the various lead-isotope evol- 
ution curves of Zartman and Doe (1981), the lead- 
isotope data for the Linga Super-unit of the Arequipa 
section plot very close to the orogene curve and demand 
a mixed origin for the Linga magmas (Figure 12.11). 
No mixing lines are apparent between the Pacific ocean 
sediments and the Nazca plate basalts and hence the 
Linga cannot have been derived from either one or a 
combination of these two possible sources. However, in 
both 2°’ Pb/?°*Pb v. ?°°Pb/?°*Pb and the 7°%Pb/?°*Pb v. 
206 Ph/?°*Pb diagrams, almost straight lines involving 
the spatially associated Charcani gneisses, Arequipa 
volcanics, Barraso volcanics, Linga Super-unit and 
certain isotopically homogeneous ore and igneous rock 
suites from central and southern Chile with the former 
and the latter as end members, suggest mixing between 
the Charcani gneisses and another source represented 
by the data from Chile (Figure 12.11). The isotopic 
homogeneity of the Chilean data suggests no crustal 
involvement in their generation (Mukasa, pers. comm.) 
and, plotting as they do on the orogene evolution curve 
of Zartman and Doe (1981), they are considered to 
represent subcontinental mantle. ‘Thus the Linga Super- 
unit appears to be derived from a subcontinental 
mantle source which has been contaminated by crustal 
material similar to the Charcani gneisses. The amount 
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Figure 12.11 Pb isotope data for the Linga Super-unit and other 
rocks of the Arequipa area after Mukasa (personal comm.) plotted 
relative to the Pb isotope growth curves of Zartman and Doe (1981). 


of contamination is clearly not as great as in the 
Arequipa and Barraso volcanics and, considering the 
proximity of the Linga data to that of central Chile on 
both diagrams and the much greater concentration of 
lead in crustal relative to mantle material, the con- 
tamination can only have been slight (Stacey, pers. 
comm.). 

The ®’Sr/**Sr initial ratio comes from a good isochron 
which gives an age for the Linga rocks near Arequipa of 
68 Ma (Le Bel ef al., in press), but this possibly 
represents a resetting of the true Linga age (c. 100 Ma) 
during the formation of the Cerro Verde porphyry- 
copper deposit (Beckinsale, this volume). 

Both major and trace element data demonstrate the 
evolution of the Linga Super-unit by fractional crystalli- 
zation. Le Bel and others modelled this process based on 
the program of Wright and Doherty (1970) as modified 
by Erikson (1977) and, in finding that both real and 
calculated REE values were similar, used the same 
model to extrapolate back and calculate the REE 
values for an initial liquid (L,, Figure 12.12). The 
values obtained are in the range of those in natural 
basaltic andesites (Morrison, 1980). Assuming partial 
melting in the upper mantle and a batch melting model 
(Shaw, 1970) and the REE concentrations of spinel- 
lherzolites (Loubet e¢ a/., 1975) as representing residual 
mantle values, a flat REE pattern of approximately 
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Figure 12.12. REE patterns of the Linga Super-unit of the 
Arequipa section calculated using the fractional crystallization 
modelling program of Wright and Doherty (1970) as modified by 
Erickson (1977), after Le Bel and others (in press). L, is the more 
evolved liquid and L, the most primitive while S, is the more evolved 
cumulate phase and S, the more primitive. The calculated patterns 
here compare favourably with the observed patterns and permit 
further extrapolation back to an original liquid L, and source area S,, 
produced by 3% partial melting. The source material has flat REE 
pattern, approximately 2 x chondrite and is characteristic of upper 
mantle (McLennan and Taylor, 1981). The residual lherzolite 
pattern is taken from Louet and others (1975). 


2 x chondrite has been calculated for the source ma- 
terial for the Linga melt (Le Bel e¢ al., in press). 
Although speculative, the calculated REE patterns are 
characteristic of primitive upper mantle. 


Discussion and conclusions 


The clearly defined petrochemical trends displayed 
by the Linga Super-unit, together with the primary 
igneous textures it preserves, demand a magmatic 
origin for the suite as a whole, rather than one of 
metasomatism or assimilation. This is further sub- 
stantiated by the geochemical data which not only 
demonstrate the consanguinity of the rocks in each 
section but also show that in both transects they are 
chemically alike and that evolution of the super-unit 
was governed by fractionation and differentiation con- 
trolled, in the main, by the separation of plagioclase 
(compare Atherton, this volume). Hydrothermal alte- 
ration and metasomatism on a local scale is related to 
copper mineralization associated with the Linga Super- 
unit and in no way explains the high potash content of 
the super-unit as a whole. 

Fractional crystallization of this parent magma took 
place concurrently with batches of magma derived and 
separated from the parent at intervals to produce the 
successive rhythms of the Pisco section. This obser- 
vation implies the presence ofa parent magma chamber 
at depth and the existence of subsidiary magma cham- 
bers at intervals at higher levels and is totally in keeping 
with the observations of Mason (this volume). 
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Despite being considerably more potassium-rich and 
less silicic, the overall differentiation trend of the Linga 
is parallel to those of other members of the batholith and 
both its petrological and geochemical behaviour are 
typical of calc-alkaline magmas in general. The Linga 
Super-unit therefore is a distinct suite of high-K diorites 
unique in the batholith. While the super-unit was 
emplaced in much the same manner and at the same 
sub-volcanic levels as the remainder of the batholith, it 
has little in common with other super-units. Apart from 
its compositional differences noted above (see Atherton, 
this volume) the Linga Super-unit is also distinct in that 
it is the only member of the batholith to contain 
abundant fluid inclusions in all of its units and to have 
syngenetic copper mineralization, albeit low grade, 
throughout its emplacement history (Agar, 1981). The 
primary fluid inclusions within the quartz contain both 
alkaline chlorides and metallic sulphides (Agar, 1981) 
suggesting that late-stage boiling of successive magmas 
undoubtedly concentrated both the chlorides and sul- 
phides in the residual fluids of the Linga and played an 
important part in the mineralization. 

The Linga magmas boiled for a greater length of time 
and at a higher temperature than other members of the 
batholith with the exception of the parent intrusives of 
the economic porphyry copper deposits such as Cerro 
Verde which boiled at even higher temperatures and for 
a considerably longer period (Vidal, this volume). 
Furthermore, there is evidence, in the mineralogy of the 
pyroxenes, of crystallization under conditions of high 

Ju,o in the Linga rocks, suggesting that the Linga 
magmas were possibly ‘wet’ and water-saturated at an 
early stage in their fractionation history and therefore 
more susceptible to boiling (Burnham, 1967). Thus it 
may be that water saturation of the Linga magmas was 
the principal factor in causing their prolonged boiling 
while still at relatively high temperatures and that these 
factors together led to the production of the mineralized 
hydrothermal brines associated with the Linga (Agar, 
1981). 

The Linga Super-unit is no exception to the rest of the 
units of the Coastal Batholith in that its ®’Sr/**Sr initial 
ratio of 0.70516 as compared to an estimated 0.760 for 
the surrounding Charcani gneiss in Cretaceous times 
denies any significant continental crustal contribution 
to the original Linga magma, a conclusion reinforced 
by the '#8Nd/'**Nd range of ratios from — 1.4 to — 2.0 
and 8'8O values between 6.3 and 7%o reported by Le Bel 
et al. (in press, and Chap. 16), also by the lead isotope 
data presented by Mukasa (this volume). However, 
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whilst the generation of such magmas elsewhere is also 
largely attributed to mantle melting (Silvester ed al., 
1978; Ninkovich and Hayes, 1973), a model remains to 
be presented for the production ofa single batch of high- 
K magma in an otherwise normal succession of calc- 
alkaline magmatism. 

If the Linga Super-unit was evolved by the fractional 
crystallization of an original high-K magma with the 
REE characteristics of a basaltic andesite (Le Bel e¢ al., 
in press), the basaltic andesite itself must have been 
derived from mantle material. Using the '*?Nd/'**Nd 
ratios, Le Bel and others present a good argument for 
derivation from undepleted mantle material such as 
might be found in a mantle wedge overlying a sub- 
duction zone (Gill, 1981). However, the same authors 
also conclude that the bulk of the Sr, Nd, Ce and K was 
derived from subducted oceanic material so that melt- 
ing would of necessity have been a two-phase process 
involving both subducted and mantle wedge material. 
Such a proposition is not far removed from the ideas of 
Ninkovich and Hayes (1973) who suggested that release 
of volatiles from eclogite at depths of 150-300 km would 
mobilize and later cause melting in the overlying 
mantle material. However, in this model, the en- 
richment in K and other cations is caused by scavenging 
from the overlying mantle wedge and not from the 
subducted material as has been proposed for the Linga 
(Le Bel eéal., in press). 

Whatever is the case, the process involved was a once- 
only event within that part of the subduction zone, for 
magmas younger than the Linga in the Arequipa 
segment are not high-K diorites although they appear 
to be richer in potash than their counterparts in the 
Lima segment (Atherton e¢ a/., 1979). Similar rocks to 
the Linga Super-unit, in the White-Inyo Range of the 
Sierra Nevada batholith, have been considered to be 
the first formed and deepest partial melt fractions of 
mantle material in a subduction zone thus explaining 
their uniqueness (Sylvester et al., 1978). While this may 
well be true in the Sierra Nevada, it cannot explain the 
Coastal Batholith situation, for the Linga Super-unit is 
not the oldest member of the Arequipa segment nor is it 
the easternmost and hence over the deepest part of the 
subduction zone. 


Acknowledgements 


Special thanks are due to Samuel Mukasa for permission to use his 
unpublished lead-isotope data for the Linga Super-unit and for his 
help in its interpretation. Thanks also to John Stacey for additional 
discussion on the lead data. 


THE LINGA SUPER-UNIT 


Appendix 


Table 1 Microprobe analyses of selected pyroxenes from the Linga Group. Analyses linked 
by a hyphen indicate coexisting minerals. Total iron as FeO. Structural formulae are 
computed on the basis of 6 [O]. BLB 75 is an olivine-bearing gabbro; BLB 57 and BLB 48 are 
two high-K diorites; BLB 47 is a granodiorite. Equilibrium temperatures (T°C) are 
computed using the Wood and Banno method (1973). 


Analysis No @y — @ (3) — (4) (5) — (6) (7) 
Sample No BLB 75 BLB 57 BLB 48 BLB 47 
Mineral Cpx Cpx Opx Cpx Opx Cpx Cpx 
SiO, 53.75 52.37 53.26 52.33 52.28 52.80 52.91 
TiO, 0.17 0.39 0.12 0.44 0.18 0.44 0.29 
ALO, 1.06 2.14 0.63 1.45 0.52 1.44 1.62 
FeO 18.30 7.91 23.34 9.60 18.55 10.58 12.91 
MnO 0.55 0.24 0.72 0.48 0.96 0.39 9.71 
MgO 14.98 14.78 21.38 14.19 13.08 13.52 12.25 
CaO 0.77 22.28 0.89 21.48 0.76 20.22 20.00 
Na,O — 0.33 = 0.30 - 0.30 0.23 
KO oa = = - = = 
Cr,O, _ os = = 

= 99.63 100.43 = 100.39 ——-:100.31 100.44 99.70 100.95 
Si 1.972 1.938 1.987 1.952 2.000 1.979 1.979 
Al'v 0.027 0.062 0.013 0.048 = — 0.021 0.021 
Al! 0.018 0.031 0.014 0.006 0.023 0.042 0.050 
Ti 0.004 0.011 0.003 0.012 0.009 0.012 0.008 
Fe 0.561 0.244 0.728 0.299 0.913 0.331 0.403 
Mg 1.366 0.815 1.188 0.789 0.974 0.755 0.683 
Mn 0.017 0.007 0.023 0.015 0.031 0.012 0.022 
Ca 0.030 0.883 0.035 0.858 0.031 0.812 0.801 
Na — 0.023 - 0.021 — 0.022 0.017 
K = a5 = 
Cr — 

Wo 1.54 45.28 1.81 43.75 1.60 42.48 41.94 
En 69.16 41.79 60.17 40.21 49.96 39.51 35.75 
Fs 29.30 12.93 38.02 16.04 48.45 18.01 22.31 

a bial 914 899 


4 896 


Table 2 Microprobe analyses of selected amphiboles and biotites from the 
Linga group. Analyses linked by a hyphen indicate coexisting minerals. Total 
iron as FeO. Biotite structural formulae are computed on the basis of 22 [O]; 
those of amphiboles on 23 [O]. H,O contents are computed. 


Analysis No (1) 2) — @) (4) — (5) 
Sample No —_— BLB 75 BLB 48 BLB 47 
Mineral Biotite Biotite © Amphibole  Biotite | Amphibole 
SiO, 37.94 37.21 52.83 37.00 46.34 
TiO, 5.85 4.67 0.34 4.59 1.63 
ALO, 14.68 13.01 3.04 13.46 6.77 
FeO 10.57 20.33 14.80 23.79 19.13 
MnO 0.03 0.29 0.56 0.32 0.45 
MgO 16.96 10.99 14.57 8.46 11.03 
CaO - — 11.21 = 10.50 
Na,O 0.57 0.16 0.57 0.10 1.80 
K,O 9.48 8.74 0.17 9.54 0.85 
Cr,O, ot —_ pz, me aa 
H,O 4.12 3.92 2.07 3.91 2.00 
z 100.25 99.34 100.54 101.17 100.49 
Si 5.512 5.692 7.638 5.667 6.945 
Allv 2.488 2.308 0.362 2.333 1.054 
Alv! 0.025 0,037 0.156 0.096 0.141 
Ti 0.639 0.537 0,036 0.528 0.183 
Fe 1.283 2.601 1.802 3.047 2.397 
Mg 3.673 2.505 3.140 1.932 3.464 
Mn 0.003 0.037 0.069 0.042 0.056 
Cr — — = —= 
Ca a = 1.737 — 1.687 
Na 0.161 0.046 0.159 0.032 0.522 
K 1.756 1.705 0.031 1.863 0.163 
LAI 2.513 2.345 0.5183 2.429 1.195 
XMg 0.74 0.49 0.63 0.39 0.51 
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Five centred complexes are emplaced within the Lima segment of the Coastal Batholith. The complexes are exposed to 

sufficient depth to permit accurate determination of the three-dimensional form of the constituent intrusions. Typically ring 

dykes form both upward and downward extensions of plutons emplaced by cauldron subsidence. The ring complexes are of 

petrogenetic interest owing to the preservation within certain ring dykes of quenched hybrid rocks. These were formed by the 

process of mixing of basic and acid magma. In other examples zonal crystallization and volatile transfer were important 
processes operating during the consolidation of the magma chambers. 


As the most fully developed and best exposed of the 
five central complexes of the Lima segment (Figure *, ratte NY: 
13.1) the Rio Huaura complex provides evidence of Ge 5, 
central importance to the understanding of both in- 
trusion process and differentiation process in the ba- 
tholith. It was formed by four major intrusive episodes 
over the period ~ 64—62 Ma (according to K-Ar data). 
The envelope rocks of the complex include the sedi- 
ments and volcanics of the Casma Group, the early 


diorites and gabbros of the Paccho Super-unit and 7] Calipuy votcantes 
ertiary 
i iori - Casma volcanic 

Patap type, and the tonalites, granodiorites and mon PR Gass volcanos 
zogranites of the Santa Rosa and Humaya Super-units. [@ |Ring complexes ile: Huaunare entre 

i A Rio Chancay Centre+ 
The emplacement sequence of the ring complex in- [SS] Andean intrusives 
trusives is given in Figure 13.2. Two structural centres 0 200km 


may be recognized, the earliest and largest of which was 
formed by the San Jeronimo and Puscao units. The Figure 13.1 Distribution of centred complexes in the Coastal 
second centre (Sayan and Cafias units) represents a Batholith between Trujillo and Lima. 


Table 13.1 A summary of preliminary fractionation models for the San Jer6énimo granitoids 


Initial models Final models Observed values 
Parent X185 X227 X185 X227 
Residual A86 A86 A86 A86 
Fraction of 
liquid remaining 0.5851 0.5656 0.5781 0.5670 
An content of 
plagioclase 44.4 41.0 30.6 30.6 See Fig. 13.11 
Plagioclase 0.6105 0.5847 0.6710 0.6330 0.7505 
Quartz 0.2304 0.2261 0.1768 0.1811 0.0942 
Hornblende 0.0212 0.0244 0.0410 0.0591 0.0376 
Biotite 0.1012 0.1503 0.0728 0.1051 0.0692 
Apatite 0.0029 0.0071 0.0013 0.0031 
Ilmenite-magnetite 0.034 0.0115 0.0149 0.0143 0.0483 
Sr 101 93 86 83 70 
Rb 162 166 170 173 185 
Ba 1050 . 846 1207 1077 867 
Misfit 2.988 9.187 11.014 14.098 
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THE CENTRED COMPLEX OF THE RIO HUAURA 


Figure 13.2. The Huaura centred complex. Section D shows the 
present structure along X—Y. Section A illustrates the structure at the 
time of emplacement of San Jeronimo granites and Puscao hybrids. 
Section B shows the structure during the emplacement of Puscao 


migration of the focus of intrusive activity to the north 
(Figure 13.2). 

In what follows, the structural context of the centred 
complex will be outlined. Evidence of the mode of 
emplacement of the four main components of the Rio 
Huaura centre will be examined and it will be shown 
that each represents, in varying degrees of complete- 
ness, a cauldron subsidence structure. Petrochemical 
data will be assembled to demonstrate the nature of 
fractional crystallization of granitic magma in one 
cauldron (San Jeronimo Super-unit). In the case of 
the Puscao Super-unit attention will focus on the 
relationships between granodioritic magma and con- 
temporaneous fractionating dioritic magma. 


The structural setting of centred 
complex emplacement 

Despite the repeated episodes of early Tertiary in- 
trusion, the structural frame within which the centred 


Centred complex intrusions 
[7] cafias monzogranite 
[EES] Sayan monzogranite 


es] Puscao granodiorite 
Puscao hybrids 
San Jerénimo 
granites 
Pre-centred complex rocks 


| Granitoids 
Gabbro and diorite 


Casma Group 
wvvI volcanics and. 
sediments 


granites and section C demonstrates the further emplacement of the 
Sayan monzogranite. The final act of emplacement of the Cafias 
monzogranite may be seen on the section D. 


intrusions were emplaced is readily reconstructed. The 
outer intrusive margin of the complex is frequently 
separated from earlier granitoids by screens of earlier 
gabbro and diorite of Patap type. Further, individual 
plutons within the complex either cut marginal screens 
of gabbro and diorite (as in the case of the Cafias unit) 
or contain sizeable subsided blocks of these early basic 
rocks as in the case of the San Jerénimo unit. From these 
observations the previous existence of a large mass of 
basic rock on the site of the centred complex may be 
inferred. The basic relic was axial to the batholith and 
formed a belt with minimum width of approximately 
25 x 12km (Figure 13.3). 

Further components of the early structural frame 
may be found in the profuse basic dykes of the Santa 
Rosa (Figure 10.4) swarm and the well-developed set of 
en-échelon, dextral wrench faults (Figure 13.3). One of 
these faults bisects the centred complex and the early 
movement of this fracture is betrayed by the compara- 
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Figure 13.3. Map of the Q, Paros and Rio Huaura centred 
complexes showing the continuity of the Tertiary intrusives between 
the two centres. These have dissected an earlier relic of gabbro diorite 
and volcanic rocks of the Casma Group, all of which form relics 


tively greater offset of structures pre-dating the centred 
complex (Bussell, 1983a). On a smaller scale, mutually 
perpendicular Andean and Andean-normal fractures 
are ubiquitous and since all these fractures guided 
intrusive contacts between different members of the 
Santa Rosa suite their pre-centred-complex origin 
seems beyond dispute. 

The Andean-trending fractures in particular are 
parallel to the trend of the intense swarm of dykes which 
is demonstrably older than the La Mina pluton which 
itself predates the earliest component of the Huaura 
centre. This steep-sided stock is remarkable chiefly for 
the extreme angularity ofits contacts, due to the control 
of the stoping process by pre-existing Andean and 
Andean-normal fractures in the host tonalites of the 
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within the centres and screens peripheral to them. Geology based on 
Cobbing and Pitcher (1972), modified by Mason (1982) and the 
author. 


Santa Rosa suite (Bussell, 1976). With a minimum K- 
Ar age of 66 Ma, the La Mina pluton may perhaps be 
considered as a preliminary episode in the formation of 
the centred complex. However, it is in the intrusives of 
the Puscao, San Jerénimo, Sayan and Cafias units that 
key evidence for the form of pluton roofs, walls and 
internal blocks of subsidence may be found. 


The Huaura centred complex: a story of 
repeated cauldron subsidence 


Despite the apparent complexity of the structural 
relationships in this centred complex, all four intrusive 
units reveal variations on a common structural theme. 
Centred complex plutons were emplaced by cauldron 


s28 
2 0° 


San Jerdénimo granites 


Figure 13.4 (A) Reconstructed geological relationships in the 
southern part of the Huaura centred complex showing the exposed 
upper surfaces of blocks of subsidence preserved within San Jeronimo 
intrusives. Dotted lines show hypothetical positions of blocks of 


subsidence of large crustal blocks whose limits were 
frequently determined by the contacts of earlier centred 
intrusive contacts or associated fracture systems. Ring 
dykes can be traced downwards into the margins and 
roof zones of large plutons while still deeper levels of 
exposure sometimes reveal the sunken crustal blocks 
whose subsidence permitted the emplacement of the 
plutons. All this centred complex activity was focused 
within the margin of the axial basic relic and of the 
early, relatively small, centre of the San Jerénimo unit 
only about half remains. However the intrusives of 
Puscao, Sayan and Cajias represent a successive dimi- 
nution in the scale of intrusive activity with the younger 
components being emplaced by cauldron subsidence 
within the previous centred pluton. From this it is 
apparent that the centre consists of nested bell-jar 
plutons with the maximum subsidence being accom- 
plished within the Cafias centre (Figure 13.2D). 


Evidence of the form of the intrusions: ring dyke 
and bell-jar structures 


The San Jeronimo intrusives. Approximately half of the 
San Jer6nimo pluton has been obliterated by later 
intrusions, in particular those of the Puscao suite. 
Nevertheless, the principal structural features of the 
pluton may be reconstructed from the extant portion of 
the intrusion and from the distribution of large relics 
within the Puscao suite (Figure 13.44). External 
contacts generally dip steeply outwards or are vertical. 
Exceptionally, as in the south-eastern part of the 
pluton, local sheeted contacts dip consistently towards 


THE CENTRED COMPLEX OF THE RIO HUAURA 


subsidence prior to the emplacement of post-San Jeronimo plutons. 
(B) Map and cross-section of San Jerénimo pluton south of the Q, 
Paros centred complex showing the presence of a roof. Dotted lines 
illustrate the hypothetical position of a block of subsidence. 


the centre. A large arcuate screen of older rocks can be 
identified within the eastern margin of the intrusion 
giving rise to a partial ring dyke structure in that sector. 
Still further towards the centre the excellent three- 
dimensional exposure demonstrates clearly the exis- 
tence of a large dioritic remnant with a gently inclined 
upper contact and steep lateral contacts against the San 
Jeronimo suite at the present level of exposure (Figure 
13.5). Here we have an important and rare example of 
the relationship of the ‘floor’ of an intrusion to a 
subjacent block of subsidence. Although roof outcrops 
of the San Jerénimo suite are lacking in the Rio 
Huaura, its close proximity is suspected. Thus the 
continuous shallowly dipping roof of the San Jeronimo 
pluton in the Rio Supe (Mason, 1982) provides a 
structural level of exposure which complements that of 
the Rio Huaura (Figure 13.48). 

Because of the steep attitude of all external contacts of 
the San Jer6énimo pluton in the Rio Huaura, sometimes 
with inward-directed dips, it is clear that no geometry of 
subsidence argument is capable of providing the di- 
lations required by the mapped geometry of the San 
Jer6nimo intrusions. Because of this the presence of 
further subsided masses at depth may be suspected 
(Figure 13.4). 
The Puscao intrusives. ‘The Puscao suite of intrusives is 
the most important of the younger members of the 
Batholith and forms sizeable plutons of tonalite through 
to monzogranite throughout the Lima segment. This 
unit also forms the most prominent component of the 
Huaura centred complex where it consists of large bell- 
jar plutons and perfectly exposed ring dykes intimately 
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Figure 13.5 View southwards and westwards over the southern 
part of the Huaura Centred Complex. To the south diorite (D) in the 
upper levels of the gorge and on the plateau surface forms a large 
block of subsidence with a near-horizontal contact against overlying 
pale weathering San Jeronimo granite (57) forming the hills on the 
skyline. In the right hand half of the field of view dark weathering out- 


associated with contemporaneous basic rocks and in- 
termediate mixed rocks. 

The earliest of the Puscao ring dykes (PRD1) is 
formed principally of xenolithic hybrids and is exposed 
over a vertical range of 600-1200 m on the south side of 
the Rio Huaura (Figure 13.6). The inner contact of the 
ring dyke, where unaffected by younger intrusions, is 
against steep inward-dipping series of ultramylonites 
which traverse earlier crush breccias and cataclasites. 


Co Huamilache 


eh 


— Structure contour 
---- Form line 


Puscao granodiorites 


HM Puscao PRDS hybrids 


Figure 13.6 Exploded perspective view to illustrate the shape of 
the earliest Puscao ring dyke (PRDI) which is seen to possess a roof 
near to the present outcrop level along most of its arc. 
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crops of the early Puscao ring dyke (PRD1) may be seen cutting paler 
San Jeronimo granite in the distance. The distant hills lie above the 
southwesterly dipping roof of the ring dyke while the ring dyke has 
intruded along a steep ring-fault mylonite to form an inner contact 
with the San Jeronimo granite of the right middle distance. 
P = Puscao granodiorite. 


The ring dyke intrusives are sometimes themselves 
mylonitized but invariably the last event involves the 
chilling of the ring dyke intrusive against the cataclastic 
rocks. The outer contact too is steep but irregular at low 
topographic levels and curves over at higher altitudes to 
become flat-lying. From this it is clear that the first 
Puscao ring dyke (PRDI) is a ‘blind’ ring dyke and the 
exceptional exposure proves this beyond doubt with 
examples of roof pendants, windows and complete 
closure of the outcrop pattern where hills rise well above 
roof level (Figure 13.6) on Cerro Huamilache. 

The principal intrusive of the Puscao suite has an 
average composition close to granodiorite. It is centred 
further north than the first ring dyke forming a large 
pluton which is exposed close to roof level. On the south 
side of the Rio Huaura excellent roof exposures abound 
and it is clear that this Puscao intrusion has cut into the 
earlier San Jer6nimo pluton and its sunken basic block 
(Figures 13.2D and 13.5). It seems that the block must 
have subsided a second time, this time within the 
Puscao magma chamber. As the roof is traced towards 
the southern margin of the pluton it steepens and 
becomes inward dipping to form the near-vertical inner 
margin of a second ring dyke (PRD2), emplaced 
partially within PRD1. Merging relationships or mu- 
tual flow structures indicate emplacement of the main 
Puscao pluton while the PRD1 intrusives were still 
capable of flowage. The roof of this major batholith 
granitoid passes upward into a ring dyke structure at its 
margins (Figure 13.2D). A further dyke may be 
recognized, isolated from the main intrusive outcrop on 
the south-east side of the complex (Figure 13.7). This 
dyke possesses a steep western margin while the eastern 
contact, steep at low levels, curves over a high altitude 


THE CENTRED COMPLEX OF THE RIO HUAURA 


to form a roof (Figure 13.7). This third dyke (PRD3), 
like PRD1, is blind. By analogy with the observed 
relationship of PRD2 to a subjacent pluton roof (Figure 
13.7) it is possible that PRD3 also overlies the flanks of 
the main Puscao pluton at depth (Figure 13.7, section 
C-D). 

Inspection of the geological map (Figure 13.2) shows 
that a basic screen is frequently present around the 
margin of the later Cafias unit. These outcrops point to 
the former existence of a considerable basic remnant 
within the Puscao intrusion on the site now occupied by 
the Cafas intrusion. One possibility is that this basic 
mass represents a block of subsidence within the deeper 
part of the Puscao magma chamber which lies north of 
the Rio Huaura. However, these basic rocks, together 
with the adjacent outcrops of Puscao granodiorite, now 
lie within a large tongue-shaped relic almost completely 
surrounded by the Sayan ring dyke (Figure 13.2). This 
slab has subsided at least 200m within the Sayan ring 
dyke (see below) and so it seems likely that these diorites 
were originally continuous with those forming the 
observed roof of the Puscao pluton on the south side of 
the Rio Huaura (Figure 13.7). Viewed in this light, the 
entire structure of the Puscao intrusion can be regarded 
as that of a very broad ring intrusion: a northward 
extension of the second ring dyke PRD2. This dyke 
widens rapidly, both to the north-west and the north- 
east to form a ring intrusion, c. 8km wide, with steep 
inner contacts against the basic remnant (Figure 13.7). 
The ring intrusion is so wide that further blocks of 
subsidence must lie beneath these extensive outcrops of 
Puscao granodiorite (Figure 13.7, section A—B). 


The Sayan and Caras intrusives. The structure of these 
intrusions is simple but offers a useful complement to the 
subsidence structures exhibited by the Puscao and San 
Jeronimo intrusives. 

The Sayan intrusive is of most interest since it reveals 
both the roof and the floor of a major bell-jar pluton. So 


good is the outcrop that structure contours can be 
constructed on the roof in the south-east portion of the 
pluton emphasizing the existence of several ‘window’ 
outcrops in valley bottoms (Figure 13.8). A large 
central enclosure of Puscao granodiorite and diorite 
within the Sayan intrusion has been pierced by the later 
Cafias intrusion. Nevertheless, the original form of this 
central relic may be reconstructed owing to the strong 
relief in the area. Contacts against the Sayan intrusion 
are either vertical or dip outwards and in one locality 
the mapped relationship shows a shallowly dipping cap 
of Sayan monzogranite directly overlying Puscao 
granodiorite (Figure 13.8). The central relic is thus 
revealed as the sunken ‘clapper’ of a bell-jar pluton. 
Subsidence must have been differential as the ‘clapper’ 
can be traced continuously into country rocks external 
to the Sayan intrusion on the north-east side of the 
pluton (Figure 13.8). The Sayan pluton, like the Puscao 
pluton, is in reality a very wide partial ring intrusion 
(see above) which passes upwards into a thin tabular 
roof pluton. There can be little doubt that further 
blocks of subsidence must lie at depth beneath this ring 
dyke which is far too broad for dilation during sub- 
sidence to have played a major role in the emplacement 
process. 

The margins of the Cafias pluton mostly dip out- 
wards, sometimes at angles as low as 20°, indicating the 
probable close proximity of the roof. There seems little 
option but to propose that emplacement was largely by 
the subsidence of the diorites which originally occupied 
the site of the Cafias intrusion into the deeper levels of 
the Cafias magma chamber (Figure 13.7, section A—B). 
Such a model is analogous to those demonstrated in 
varying degrees of completeness for the San Jerénimo, 
Puscao and Sayan intrusives. Further support is offered 
by response surface analysis of major element distri- 
bution in the pluton (see Taylor, this volume), which 
requires the presence near the present erosion level of 
the block of subsidence, and by gravity data which 
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Figure 13.7 Map and sections of the Huaura centred complex 
showing the form of the Puscao intrusions. The heavy lines pick out 
the extrapolated inner and outer contacts of the Puscao ring dyke 
PRD2 which has been partially obliterated by younger intrusions. 


permits the successful modelling of such a block of 
subsidence (see Bussell and Wilson, this volume, 
p. 155). Despite the evidently passive mode of emplace- 
ment likely for this pluton, Taylor (1976) records 
evidence of a slight doming of the surrounding grani- 
toids, showing that forceful rise of magma preceded 
cauldron subsidence. 


Location, form and emplacement mechanism of 
the centred complexes 


A feature of the Rio Huaura centre is the presence of a 
large pre-existing mass of gabbro and diorite. This is 
also the case with the other centres and may be expected 
to be a pre-requisite for large scale subsidence. A second 
common factor is the presence of the large dextral 
wrench faults since the centres are mainly restricted to 
that portion of the batholith in which this échelon set is 
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Note the roofed nature of PRD1 and PRD3, the downward passage 
from a ring dyke to a flat pluton roof in the southern arc of PRD2 and 
the requirement for other, albeit unseen, blocks of subsidence at depth 
beneath the northern arc of PRD2. 


developed. These faults may have acted to guide 
magma from deeper levels. 

Actual evidence of control of magma access by pre- 
existing wrench fractures comes from a case study in 
Japan. There Stuart and Johnstone (1975) found a 
relationship between magmatically induced uplift, a 
decrease of friction on wrench faults and the generation 
of a diffuse earthquake swarm at depths of 2—12km. 
Similarly, Weaver et al. (1982) recorded widespread 
diffuse strike-slip faulting along pre-existing faults prior 
to the 1980 eruption of the Mount St. Helens volcano. 
The wrench faults therefore may fulfil a dual role, not 
only acting as deep guides to magma, but also aiding 
the final emplacement process. 

Most plutons in the batholith destroy the evidence of 
the early stages of the emplacement process by engulf- 
ing it. The centred complexes offer fortunate examples 
where complete obliteration has not occurred. Plutons 
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Figure 13.8 Map and sections of the Huaura Centred Complex 
showing the structure of the Sayan Pluton. Note that the local ‘floor’ 
of the intrusion, in the form of the flat top of a block of subsidence, is 
exposed together with extensive roof relationships. The presence of 


other, unseen, blocks of subsidence is illustrated schematically. 


are clearly tabular, in some cases demonstrably thin, 
and pass upwards and downwards into ring dykes as 
suggested by Myers (1975). The nested nature of the 
centres is very clear to see (Figure 13.2D). Plutons are 
revealed as broad roofed ring dykes, and no geometry of 
subsidence of the type employed by Anderson (1936) 
can explain the formation of such broad, steep ring 
intrusions. The insignificance of subsidence-induced 
dilation in the emplacement of the ring dykes is 
emphasized by the emplacement of the Puscao in- 
trusion. Here a half-complete relic ofa precursory blind 
ring dyke has been preserved above the roof and outside 
the walls of a major batholith pluton (Figure 13.6). 
Early events involved central uplift and shattering 
along the arcuate ring fault belt, the turbulent mixed 
magma suite being emplaced by piecemeal stoping. 
Although subsidence may have occurred at this stage it 
contributed nothing to the emplacement of the ring 
dyke which is roofed. Subsidence of the block of roof 
rocks isolated by the early ring dyke accompanied the 
emplacement of the main Puscao pluton which has been 
shown, in common with the Sayan intrusion, to consist 
of a very broad ring intrusion (Figures 13.7 and 13.8). 
Such wide ring dykes require the presence either of 
precursory stoping ring dykes similar to the first 
Puscao ring dyke PRDI to solve the space problem or 


alternatively they must themselves overlie medium- 
scale blocks of subsidence. There must be ring dykes 
within ring dykes. Centred plutons that appear to be 
large are revealed as low-volume intrusions formed of a 
network of relatively thin interconnected horizontal 
sheets and steep ring dykes. This is confirmed by the 
modelling of gravity residuals across the Huaura com- 
plex in terms of large shallow cylinders of subsided basic 
rock (see Bussell and Wilson, this volume). 


The San Jeronimo unit: high-level 
quenching of magma 


In the San Jerénimo intrusives of the Rio Huaura 
and the Rio Supe the roles of volatile loss and pressure 
quenching during near-surface crystallization are em- 
phasized by textural, mineralogical and geochemical 
evidence. 


Mineralogy and textural facies: intermediate 
hybrids and textural transitions 


Since the earliest studies a distinctive earlier associate 
of the San Jerénimo granitoids has been recognized as 
the Andahuasi facies (Cobbing and Pitcher, 1972). In 


the Rio Huaura this facies is a purple, medium-grained, 
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[3] Hornblende monzogranite Post-San Jeronimo intrusives 


[| Pre-San Jeronimo rocks 


Quartz-monzonite 


Figure 13.9 Distribution of facies of the San Jeronimo Unit within 


the southern part of the Huaura Centred Complex. 


quartz-bearing monzonite constituting facies | of 
Bussell (1983). Phenocrysts are plagioclase (An, 
cores) with microphenocrysts of hornblende, magnetite 
and apatite. Phenocrysts of hornblende are rare and the 
mineral is more commonly interstitial. It is frequently 
altered to actinolite and magnetite while relics of Ca- 
pyroxene sometimes survive. Margins of plagioclase 
phenocrysts reach An,, while broad corrosive rims and 
subhedral interstitial crystals of alkali feldspar may be 
found in rocks with SiO, as low as 63°. Such rocks have 
an interstitial granophyric texture framed by euhedral 
plagioclase. It occasionally nucleates on euhedral 
phenocrysts forming radiating fringes which appear 
to be primary. Other varieties possess a hypidiomor- 
phic granular matrix. 

The Andahuasi facies apart, the San Jerénimo 
granites are variable in composition from monzogranite 
to syenogranite. Two main facies, 2 and 3 as recognized 
by Bussell (19834), occur with considerable com- 
positional overlap; both carry 30-50% phenocrysts. 
Facies 2 is a medium-grained monzogranite with 
distinctive acicular hornblende and a hypidiomorphic 
granitic matrix. Although not obviously porphyritic, 
relict early phases can be distinguished as hornblende, 
biotite, ovoid quartz grains and shattered patchy 
plagioclase (An,,), the latter with oscillatory jackets 
(from An,,) and homogeneous outer rims (c. An,, ). 
Local gradations to a coarse granophyric matrix may 
occasionally be found. Mineralogically facies 3 is similar 
to facies 2 while extending from monzogranite through 
syenogranite in composition. However, textural con- 
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trasts abound with obvious porphyritic textures in 
which felsite and primary granophyre normally pre- 
dominate over granitic matrix textures. Matrix biotite 
forms long slender sheets parallel to (001) in contrast to 
the relatively stout books which form phenocrysts. 
Alkali feldspar phenocrysts are absent in facies 2 and 
extremely rare in facies 3. 

In the field rapid but continuous transitions are 
found between facies 2 and 3. Facies 2 predominates 
near the margins of the pluton but grades centrally into 
a region dominated by facies 3 (Figure 13.9). These 
facies patterns suggest that the magma began to 
crystallize from the margins inwards; accretionary 
crystallization also took place adjacent to marginal 
screen rocks. Undercooling was low and diffusion kept 
pace with crystal growth rate to give facies 2. 
Subsequently a quenching event resulted in much 
greater undercoolings giving rise to the central porphy- 
ritic granophyre of facies 3. Marginal injection of facies 
3 may have taken place at the same time. 


Hybridization and Py,9 estimates at the time of 
crystallization of the San Jerénimo intrusives 


Chemical norms have been calculated for all avail- 
able rock analyses (McCourt, 1981; Bussell, 1983) 
using the mineral data of Bussell (19834) and the 
computer program of Banks (1979). The results may 
conveniently be displayed on a granodiorite system plot 
where the distinct separation of the quartz-monzonites 
from the granitoids may be noted (Figure 13.10). 


— —T Three-phase cotectic 


Intersection of quartz-feldspar 
A A cotectic and Qtz-Or-Ab plane 


——— Contours on cotectic surfaces 
° Facies 2 granites 
Facies 3 granites 

Monzonitic hybrids (facies 1) 


@ Calculated residuals 


Ab 


Figure 13.10 Granodiorite system relationships projected from the 
anorthite apex onto the plane quartz-albite-orthoclase. Phase boun- 
daries for Pyy,9 = 0.5kb compiled using the granite system cotectic of 
Tuttle and Bown (1958) for 0.5kb and the transposed data for the 


Successful fractionation models may be generated 
which link the quartz monzonites and the samples of 
facies 2 and 3 but these require significant alkali 
feldspar fractionation. Absence of transitional facies 
from the quartz-monzonite to the granitoids, the virtual 
absence of relict K-feldspar phenocrysts in the grani- 
toids and the similar Ba contents of the quartz mon- 
zonites and the more basic granitoids all militate 
against a relationship by fractional crystallization. No 
successful modelling of magma mixing using the avail- 
able data is capable of producing the quartz monzonites 
and it is concluded, after Mason (1982), that the rocks 
of facies 1 resulted from the hybridization of earlier 
diorite by fluids which streamed off from the San 
Jeronimo magma while it was still rising through the 
crust. The diorites may not have been completely 
consolidated and this could explain their much greater 
susceptibility to the hybridization process in com- 
parison with many, otherwise similar, envelope rocks. 

In facies 2 and 3 the presence of quartz and 
plagioclase phenocrysts, sometimes in a quenched mat- 
rix, raises the possibility of establishing the pressure of 
coprecipitation. This may be accomplished by subtract- 
ing phenocryst proportions of analysed minerals from 
whole-rock chemical norms, when the resultant ‘re- 
sidual’ should represent the liquid which was in equilib- 
rium with quartz and plagioclase. Any pressure es- 
timate is likely to be a minimum because of (a) quartz 
resorption during final emplacement and (b) the effect 
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Qtz 


Numbers indicate 


Anx100 
An+Or+Ab+Qtz 


Or 


system quartz-albite-orthoclase—anorthite for Py,9=1kb from 
James and Hamilton (1969). Circled sample is A86 of McCourt 
(1982). 


of water undersaturation in decreasing the stability of 
quartz at a given pressure (Steiner e¢ al., 1975). Five 
samples from facies 2 and the central outcrops of facies 3 
give ‘residuals’ which could nave equilibrated at 
0.5-1.0kb Py,o (Figure 13.10). Modal and partial 
chemical analyses of matrix granophyre suggest copre- 
cipitation of quartz and alkali feldspar at c. 0.5 kb while 
calculations based on water balance during crystalli- 
zation of the magma require a minimum water pressure 
of 0.8 kb (Bussell, 19834). It seems that in these samples 
the magma equilibrated at, or very close to, the present 
level under a Py,9 between 0.5 and 1 kb. 

Two strongly quenched samples of facies 3, both from 
the zone of marginal injection, possess residuals which 
could have equilibrated at water pressures as high as 
4kb (Figure 13.10). Even if the magma was saturated 
with water at the later stages of its crystallization at the 
present level, this would represent undersaturation at 


2 3 4 %Or 


Figure 13.11 Compositions of plagioclase phenocryst cores from 
San Jeronimo granitoids. Filled circles are from samples thought to 
originate from higher pressures. 
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4kb: pressure may have been higher as argued pre- 
viously. Consistent with this, the plagioclase pheno- 
crysts in these rocks tend to possess higher Or for a given 
An value than those with a lower-pressure origin 
(Figure 13.11). Finally, it may be noted that one of the 
whole rock samples (A86 of McCourt, 1981) plots in 
such a position in the granodiorite system that it can 
only have evolved from more basic members of the suite 
by fractionation of quartz and plagioclase at pressures 
much higher than | kb (Figure 13.10). This sample, like 
the other ‘high-pressure’ samples, comes from the 
marginal outcrops of facies 3 which cut facies 2 
discordantly. 


Trace element characteristics 


All published Rb, Sr and other data are plotted on 
Figure 13.12B where a linear trend of Rb against Sr is 
apparent. This indicates the operation of a Rayleigh 
fractionation process. McCarthey and Hasty (1976) 
have modelled fractionation in granites and show that, 
under conditions of ideal fractionation, a parallel linear 
trend will be followed by liquids and cumulates on 
log/log diagrams. Crystal mushes resulting from incom- 
plete separation of liquid and crystals will occupy an 
intermediate position and contribute to scatter between 
the extreme trends of liquids and cumulates (Figure 
13.12A). In the San Jerénimo data the most sparsely 
porphyritic rocks of facies 3 lie on the trend of expected 
fractionated liquids in the diagrams, whereas facies 2 
appears to represent liquids that have accumulated a 
certain amount of early formed crystals. 

Fractionation models were tested using the program 
of Banks (1979) to calculate the early phases which 
must be combined with a proposed ‘residual’ rock in 
order to match the composition of a proposed parent. 
Only minerals observed to form as early phases in the 
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Figure 13.12. (A) Diagram illustrating the expected path of liquids 
and solids formed during the fractional crystallization of liquid L. 
Crystal-dorminated mushes and phenocryst-enriched liquids will lie 
in the fields indicated. (B) San Jeronimo facies 2 (open circles) and 
facies 3 (closed circles). X represents the most successful fractionation 
model linking the two extremes of composition (see Table 13.2). 
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San Jerénimo granitoids were used as components in 
the mixing problem. Hornblende and biotite com- 
positions were taken from Bussell (1983), apatite from 
Deer et al. (1966) and stoichiometric ilmenite and 
magnetite compositions were used. In the formulation 
of the initial models feldspar end-members were pro- 
vided as input and the optimum solution values were 
chosen by the program (Table 13.1). These relatively 
unconstrained models were cross-checked by calcu- 
lation of model residual Rb, Ba and Sr using bulk 
distribution coefficients calculated from the modelled 
fractionating assemblage. The correspondence is fair 
(Table 13.1) but these initial models have two short- 
comings: (a) the calculated anorthite content of the 
plagioclase is higher than that generally found 
by microprobe analysis, and (b) the ratio 
biotite/hornblende is much higher than that found in 
modal analyses of phenocrysts in the suite. Because of 
this new models were formulated which included 
these constraints, producing results with somewhat 
larger misfits but more consistent with the petrographic 
and mineralogical data (‘Table 13.1). Furthermore, the 
calculated residual Rb and Sr values based on these 
models are closer to those found by direct analysis of the 
proposed residual rock (Table 13.1). However, the 
model fails to match the observed depletion in Ba in the 
residual rock. : 

Progressive increases in Rb and decreases in Ba have 
been observed elsewhere (Bickford e¢¢ a/., 1981) and can 
be difficult to explain. Tindle and Pearce (1981) 
propose separation of a volatile phase as a solution for 
the Loch Doon pluton, while Noyes et al. (1983) appeal 
to buffering by the residual mineralogy of the magma 
source region. In the case of the San Jeronimo pluton 
the depletion in Ba with evolution is a problem in view 
of the rarity of phenocryst K-feldspar and the relatively 
low fraction of biotite found in the phenocryst assem- 
blage. It is considered that diffusion might help to 
explain this anomaly. During marginal accretion of 
facies 2, for example, the magma marginal to the 
crystallization front could be depleted in Ba by K- 
feldspar growing within the consolidating mush of facies 
2. Continued operation of this process during the later 
quenching event could result in further Ba depletion 
due to ‘scavenging’ of Ba by the alkali feldspar of the 
developing granophyric intergrowths. Appropriately 
BaO values in granophyric alkali feldspar average 
1.47 wt%. Intervention of such a process would make 
the modified fractionation models reasonably consistent 
with all the data. The effects on model Rb values would 
be slight (c. 3 ppm increase) while model residual Ba 
values would be reduced to the level found by analysis 
in the proposed residual rock. 


Mafic minerals and conditions of crystallization 


There are marked contrasts between the mafic 
phenocryst assemblages of facies 2 and 3. Facies 2 
contains a higher proportion of mafic silicates and less 
magnetite than facies 3 (Figure 13.13A). Consistent 
with this, rock analyses show facies 3 to be consistently 
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Figure 13.13 (A) Diagram illustrating the predominance of 
microphenocryst magnetite in facies 3 of the San Jeronimo unit. (B) 
Diagram showing the more oxidized nature of the facies 3 rocks of the 
San Jeronimo unit compared with facies 2. (C) AFM diagram 
showing the greater enrichment in FeO in the mafic silicate 
phenocrysts of facies 2 compared with facies 3 of the San Jeronimo 
unit. 


more oxidized than facies 2 (Figure 13.138). Further, 
there is a marked difference in the chemistry of the mafic 
phenocrysts in the two facies: the hornblendes and 
biotites of facies 2 possess more Ti and consistently 
higher Fe/Mg ratios than those of facies 2 (Figure 
13.13C). These facies contrasts are found in samples 
collected in close mutual proximity and are thought to 
have evolved during the crystallization of the suite. 
Early accretionary crystallization of facies 2 was under 
relatively reducing conditions and would concentrate 
water in the magma remaining in the central part of the 
chamber. Preferential diffusion of hydrogen out of the 
magma would result in more oxidizing conditions, the 
enhanced stabilization of magnetite and the decreasing 
Fe and Ti contents of phenocryst hornblende and 
biotite. This oxidized assemblage probably developed 
both by primary precipitation and also by alteration of 
existing phenocrysts by the evolving magma. 


The San Jeronimo unit: an evolutionary model 


Assuming a tensile strength of ~ 0.14kb for the roof 
rocks of the pluton (Heuze, 1983) it seem likely that the 
magmas were emplaced at a lithostatic pressure of 
between 0.36 and 0.86kb, corresponding to a depth 
range of 1.2—3.2km. A vertical distance of 2km se- 
parates the rocks of the San Jer6énimo suite from the 
unconformity between Tertiary and Albian volcanic 
thus placing an additional constraint on the likely depth 
of consolidation. Emplacement depth was evidently 
between 2 and 3.2km, and three alternative relation- 
ships to the superjacent rocks may be postulated: (a) 
the magmas were emplaced at a depth of 3km beneath 
an erosion surface cut in the envelope of volcanics of the 
Casma Group, followed by a further erosion of 1km 
thickness of the volcanics before the deposition of the 
Tertiary Calipuy volcanic rocks; (b) the magmas were 
emplaced at a depth of 2km below the erosion surface 
contemporaneous with the lower levels of the Calipuy 
volcanics; or (c) the magma was emplaced at 3km 
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depth contemporaneous with higher levels of the 
Tertiary volcanics. Radiometric age dates of c. 64 Ma 
for the San Jerénimo suite and c. 54 Ma for the basal 
Calipuy lavas favour option (a) but final elimination of 
option (b) must await better knowledge of the facies 
distributions and absolute chronologies of the Calipuy 
succession, 

The high-level magma chamber was formed by the 
subsidence of at least two blocks from the basic axial 
septum of the batholith. Initial crystallization was 
controlled by peripheral cooling surfaces with the 
development of a stiff marginal liquid, variably en- 
riched in accumulating minerals (plagioclase, quartz, 
biotite, hornblende, magnetite and apatite). 
Fractionation of these phases largely controlled the 
major and trace element trends developed within the 
pluton. Diffusion more than kept pace with crystal 
growth rate to produce a hypidiomorphic granular 
texture with relict phenocrysts. This marginal facies 
accreted and consolidated, progressively encroaching 
on the centre of the pluton. Convection in this central 
magma almost certainly took place (Shaw, 1965) and 
diffusive exchange between marginal liquid and K- 
feldspar growing interstitially in the marginal mush 
probably accounts for the anomalous trend of decreas- 
ing Ba with evolution in the suite. Water could have 
been concentrated in the residual magma by the same 
process while preferential loss of H* by diffusion 
through the roof of the pluton could explain increas- 
ingly oxidizing conditions in the residual magma. 
While no roof is exposed in the Rio Huaura, excellent 
exposures are available in the Rio Supe (Figure 13.48). 
Mason (1982) shows that roof diorites have undergone 
extensive microfracturing and have been transformed 
to hybrid rocks as a result of penetration by magmatic 
fluids streaming off from the San Jeroénimo pluton. 
These rocks are identical to the quartz-bearing mon- 
zonites of the ‘Andahuasi facies’ found in the Rio 
Huaura as screens within the margin of the San 
Jeronimo pluton. Evidently here in the Rio Huaura the 
country rocks experienced a similar intense alteration as 
the San Jeronimo magmas were rising through lower 
levels, but the magmas ultimately sliced through their 
temporary roof which is now preserved only as relics in 
screens. 

Consistent with this potassic alteration are Mason’s 
observations that in the Rio Supe an early, less 
differentiated roof facies has suffered alteration, indicat- 
ing separation of fluids with high K*/H*. Beneath this 
facies lies a slightly younger, more highly evolved facies 
with alteration assemblages indicating lower K*/H* 
values. This reversal of the commonly observed zo- 
nation of the alteration assemblages may be due to their 
independent development, each assemblage reflecting 
the different compositions of the magmas from which 
the fluids evolved (Mason, 1982; Burnham, 1979). Not 
only do the roof relationships in the Rio Supe provide a 
structural complement to the deeper levels of the 
Huaura, they also provide indications of progressively 
increasing H* loss via contemporaneous magmatic 
fluids which complements the picture of increasing Sor 
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at deeper levels in the magma chamber of the Rio 
Huaura. 

The closing stages of the consolidation of the pluton 
were dominated by quenching. Bussell (19834) es- 
timates that c. 28% of the pluton had crystallized as 
marginal facies 2 while the central magma had attained 
a mean phenocryst concentration of c. 30°% when 
quenching began. Although it should be noted that the 
earlier build-up of water could itself result in higher 
nucleation rates (Loomis and Welber, 1982) it is likely 
that quench felsitic microgranitic and granophyric 
textures resulted simply from enhanced volatile losses 
when the magma attained saturation at the level of 
emplacement. Marginal injection of sparsely porphy- 
ritic granophyre probably took place contempo- 
raneously with the main quenching event from depths 
between 16 and 35km. 

The San Jerénimo Super-unit of the Huaura-Supe 
region demonstrates the significance of marginal accre- 
tionary crystallization in controlling textural and 
chemical facies patterns. Py,9 and fo, increased as the 
melt evolved and in parallel with these changes, fluids 
released through the roof changed from early high 
K*/H* fluids to late low K*/H* fluids. Water satu- 
ration and volatile loss at a pressure of about | kb 
brought the evolution of the magma to an abrupt end 
but strongly quenched facies show evidence of residence 
at lower crustal levels prior to final emplacement. 


The Puscao magma types: a study 
of contemporaneous granitic and dioritic 
magmas 


The early Puscao ring dyke: a quenched example 
of magma mixing 


One of the earliest events in the evolution of the 
Puscao complex was the emplacement of the mixed 
rocks of the early Puscao ring dyke PRD1. Evidence will 
be assembled to show that the rocks of PRD1 have 
evolved by the differentiation of dacitic from dioritic 
magma and by their subsequent mixing during final 
emplacement. 


Outcrop structure. ‘This early centre has a radius of c. 
6km but has been partially obliterated by the principal 
Puscao pluton of the Huaura complex (Figure 13.7). 
Diorites, volcanics and San Jerénimo granites are all 
intensely affected by cataclasis along their steep jun- 
ction with the inner margin of PRD1. The earliest rocks 
are microbreccias, crush breccias and members of the 
cataclasite series which form a discrete belt up to 100m 
wide. Grain size and clast size diminish towards the 
contact, while blind dykes of mobilized ultracataclasite 
appear to have been injected into the crush breccias. 
The occurrence of cross-cutting mylonite bands in- 
creases towards the near-vertical intrusive contact and 
these bands are inclined at between 50°—70° towards 
the principal ring fault mylonite. This latter is always 
vertical or dips steeply ( > 70°) towards the centre of the 
complex; minor structures suggest reversed movement 
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on the fault. Marginal facies are usually rhyodacitic and 
invariably chill against the mylonites; sometimes the 
chilled margin has been mylonitized and a second chill 
develops against it indicating the contemporaneous 
nature of fracturing and emplacement. 

The ring dyke contains an extremely heterogeneous 
assemblage of rocks which vary from porphyritic felsite 
to protoclastic basic diorite. The complete span of 
composition may be seen in single outcrops. Often 
angular blocks of basic diorite are enclosed by grey 
porphyritic quartz diorite or granodiorite, the whole 
forming composite xenoliths in paler porphyritic grano- 
diorite. Alternatively, contacts may be rapidly grada- 
tional or sharp and are frequently flexuous 
(Figure 13.14A) while small round patches of granite 
are found within some diorite hosts. Delicate irregular 
intersheeting of basic and acid components is common 
and in such outcrops the basic component develops a 
denticulate bulb and cusp shape against the adjacent 
acid rock (Figure 13.14B). Pillow-shaped masses of 
diorite in various more acid hosts are fairly common, 
sometimes with margins that are slightly finer in grain 
size. While basic to intermediate inclusions do not often 
exceed a few metres in dimensions, the accidental 
xenoliths of San Jerénimo monzogranite found in the 
ring dyke are normally measureable in decimetres. In 
one such relic clear evidence of the contemporaneity of 
the ring dyke suite with basic-intermediate magma is 
provided by a microdiorite dyke showing clear evidence 
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Figure 13.14 (A) PRDI1 dioritic hybrids bearing microdiorite 
enclaves and dissected by contemporaneous paler granodiorite. 
(B) Stringers of paler granodiorite penetrating PRD1 hybrids with 
bulb- and cusp-shaped contacts. 


of synplutonic relationship to its host rock of the San 
Jeronimo unit yet cutting the ring dyke intrusive (see 
Pitcher and Bussell, this volume). Indeed, it is evident 
that the intrusion of the entire Puscao suite closely 
followed the emplacement of the San Jerénimo in- 
trusives; a relationship borne out by outcrop structure 
and radiometric data (Bussell, 1975; Wilson, 1976). 


Texture and mineralogy. Figure 13.15 provides a sum- 
mary of modal and mineral compositional data for the 
ring dyke rocks plotted against host rock SiO, content. 
They range from porphyritic felsite through to feld- 
sparphyric microdiorite and the series can be arranged 
into three groups for convenience (Figure 13.15). 
Group | felsites, chilled against the ring fault mylonites, 
carry phenocrysts of resorbed quartz which have mag- 
netite and large crystals of sphene growing in the 
embayments. Oligoclase phenocrysts are patchily 
zoned in their cores (An,, ,,) and have oscillatory 
margins (An,,_,,). Actinolitic and common _horn- 
blende, usually zoned to Mg-rich margins 
(Figure 13.15), magnetite and biotite complete the 
phenocryst assemblage. Matrix material is micro- 
granular quartz, feldspar, magnetite and biotite, al- 
though sparse webs of granophyric intergrowths fringe 
some quartz phenocrysts. Phenocryst contents increase 
away from the ring fault and in rocks emplaced as 
crystal mushes may exceed 60% (Figures 13.15 and 
13.16). 

The rocks of group 2 are less acid than group 1, and 
possess high but variable phenocryst contents and 
coarser matrix textures. Evidence of protoclastic defor- 
mation is found. Phenocrysts consist of plagioclase in 
two varieties, both of which may be found in the same 
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Figure 13.15 Summary of modal data and compositions of 
plagioclase and hornblende phenocrysts for the intrusive rocks of the 
early Puscao ring dyke (PRD1). Arrows indicate core to margin 
zoning. 
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sample. The first has cracked cores of c. An,, and with 
little variation about this value. These may be euhedral 
or ovoid with jackets displaying strong normal zoning 
down to labradorite-andesine. A second type is more 
common with labradorite-andesine cores and oscil- 
latory jackets of oligoclase-andesine. Magnetite forms 
microphenocrysts throughout the group, tchermakitic 
hornblende also forms sparse euhedral phenocrysts, but 
common hornblende occurs more frequently. Both 
types are zoned with Fe-rich cores and Mg-rich margins 
(Figure 13.15). 

A prominent feature of group 2 is the presence of 
roughly equidimensional quartz crystals. Matrix 


Figure 13.16 Photomicrographs illustrating the textures and 
range of phenocryst contents among the rhyodacites of PRD1 
group |. The lowest phenocryst contents (A) are from a sample chilled 
against the ring fault mylonite. Phenocryst contents increase away 
from this contact (crossed polars). 
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Figure 13.17 (A) Ocellar quartz texture typical of the inter- 


mediate mixed rocks of PRD1 group 2. Note the angular outline of 


the main crystal and the poikilitic rim (crossed polars). (B) Euhedral 
granophyric megacryst from quenched mixed rock of PRD1| group 2 
(crossed polars). (C) Quartz with dendritic rim (arrowed) and acid 


plagioclase may be radially or tangentially arranged 
about these crystals and has often been included by 
marginal overgrowth of quartz on to the main crystal 
(Figure 13.17A). Sometimes the inclusions define the 
original facets of 8 quartz crystals suggesting an origin 
as a phenocryst directly precipitated from a melt. This 
view is confirmed by observations in strongly quenched 
members of group 2. Quartz may be seen forming 
euhedral crystals surrounded by granophyre, and euhe- 
dral megacrysts of granophyre may also be found 
(Figure 13.178). In another example quartz passes via 
a dendritic rim into a leucocratic selvage of felsite 
which separates it from the coarser, more mafic, 
groundmass characteristic of most of the specimen 
(Figure 13.17C). Here is evidently a sample of the 
quenched acid liquid from which the quartz originally 
precipitated. The early origin of the ocelli is further 
confirmed by the observation of a broken ocellus 
included in aplitic matrix material (Figure 13.17D). 
Matrix textures in group 2 are often protoclastic, 
crudely trachytic and dominated by small tabular 
andesine-oligoclase and subhedral to euhedral acicular 
green-brown hornblende. Magnetite, apatite and zir- 
con are enclosed by hornblende while K-feldspar and 
quartz are interstitial. 
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felsitic selvage (broken white line) from a quenched mixed rock of 
PRD1 group 2 (crossed polars). (D) Broken ocellus enclosed in aplitic 
matrix of mixed rock from PRD1 group 2. Note the curved outline 
and narrow poikilitic rim of the upper margin of the grain (crossed 
polars). 


Group 3 rocks contrast with the other groups in their 
low phenocryst contents (Figure 13.15). The rocks are 
medium to fine-grained microdiorites carrying oc- 
casional phenocrysts of bytownite, labradorite and 
hornblende, the latter very occasionally with vague 
relics of augite in their cores. Matrix textures range 
from seriate to trachytic with quartz, alkali feldspar and 
sometimes fine-grained granophyre interstitial to a 
mesh of andesine-labradorite and acicular hornblende. 
Ocellar textures are rarely observed and micro- 
phenocryst magnetite is accompanied by ilmenite. 
Magnetite, apatite and hornblende are found as in- 
clusions in the rims of some plagioclase phenocrysts. 

Aphyric diorites net-veined by group 3 rocks are 
coarse-grained and carry euhedral plagioclase with 
uniform bytownite cores and rims of labradorite- 
andesine. These rims enclose euhedral to subhedral 
green-brown hornblende while interstitial hornblende 
is anhedral. Sparse granophyric patches occupy 
angular interstitial sites and mould on to euhedral 
plagioclase. The coarse texture and the restriction of the 
apparently primary quench textures to interstitial 
patches suggest that these diorites were largely solid 
when fractured and were net-veined by the porphyritic 
microdiorites of group 3. 


The significance of outcrop and textural 
relationships in the early ring dyke PRD1 


Much of the outcrop evidence supports a model of 
mixing involving basic-intermediate and acid magma. 
Similar kinds of relationships have long been known 
from the British Tertiary Igneous province where 
examples of chilling of basic against cross-cutting acid 
intrusives, the presence of pillow-shaped masses of basic 
rock in acid hosts and incompatible phenocryst assem- 
blages have all been interpreted as evidence of con- 
temporaneous acid and basic magma which sometimes 
mixed together (Blake et al., 1965; Wager et al., 1965; 
Wager and Bailey, 1953; Walker and Skelhorn, 1966). 

In the present case some diorite was almost com- 
pletely consolidated when incorporated into the ring 
dyke. Presumably it was carried into place by highly 
fluid dioritic magma but resisted disruption and instead 
was net-veined, breaking into angular blocks. These 
basic relics may possibly represent cumulate material 
disrupted and injected into the ring dyke together with 
fluid porphyritic to aphyric microdiorites of group 3. 
The contrasting plagioclase phenocryst types, the in- 
compatible phenocryst associations and the textures 
detailed above all suggest that this dioritic magma 
carrying phenocrysts of bytownite, labradorite and 
hornblende mixed with acid magma carrying andesine- 
oligoclase, hornblende, biotite and quartz (group 1). 

Ocellar textures similar to those described from 
group 2 have been described from a variety of other 
settings and convincing arguments have been made for 
origins of similar textures during vesiculation (Cooper, 
1979; W. J. Phillips, 1968) and by processes of static 
metasomatism (E.R. Phillips, 1968; Angus, 1962). 
Angus envisages a process of ‘metasomatic remobili- 
zation’ for the origin of some intrusive ocellar hybrids 
whose descriptions show some similarities to those 
under consideration. In the present example the quartz 
ocelli are interpreted as phenocrysts derived from group 
1. The marginal tangential feldspars are interpreted as 
precipitates from the incorporating more basic magma 
which ‘armoured’ the crystals against resorbtion, while 
the overgrowths represent marginal addition of quartz 
during the late stages of matrix consolidation. The 
quenched granophyric margins of some quartz, the 
broken ocelli included by matrix and the presence of 
euhedral granophyre megacrysts, all detailed above 
(see Figure 13.17B), combine to suggest that the ocelli 
are texturally modified xenocrysts derived from group 1. 

The highly porphyritic rocks of group 2 were the 
product of this mixing which was evidently a multipul- 
satory process. Some basic magma formed isolated 
pillows and took no further part in the mixing, preserv- 
ing the compositional and textural characteristics of 
group 3. In other cases mixing seems to have proceeded 
and has produced a range of mafic indices in juxtaposed 
components. A range of physical properties is reflected 
in the nature of the boundaries between components in 
the complex; gradational contacts underlining the 
essential contemporaneity of the rocks while cuspate 
and denticulate contacts indicate the juxtaposition of 
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materials of differing viscosities. The convex outward 
form of the more basic component and the cuspate 
penetration of acid material into these (Figure 13.14B) 
implies that in many cases the more basic component 
was the most viscous (Ramsey, 1967). This is em- 
phasized by the greater mobility implied by the cross- 
cutting nature of the more acid members of group 2 
(Figure 13.14A). These relationships could be due to 
the general quenching effect upon the basic magma of 
the initial mixing event. By contrast the acid com- 
ponent might be mobilized by the injected basic magma 
and have its viscosity reduced. Similarly, those hybrids 
dominated by the dioritic component might be viscous, 
crystal-dominated mushes while hybrids with a do- 
minant acid fraction might be more mobile and less 
viscous. 

Finally, on a more general note, it must be em- 
phasized that the association of the Puscao grano- 
diorites with such mixed basic and acid rocks is not 
restricted to the Rio Huaura. The ocellar hybrid facies 
was first recognized some 250km further north in the 
valley of the Rio Loco (Bussell, 1975) as marginal 
screens to a typical pluton of Puscao granodiorite. The 
writer has also identified the facies in association with 
the Puscao pluton of the Rio Fortaleza centred complex 
and Mason (1982) has mapped a partial ring dyke of 
xenolithic hybrids in the Quebrada Paros centre which 
are very similar to the mixed rocks of the first Puscao 
ring dyke (PRD1) in the Rio Huaura centre. 


Geochemistry of the early hybrid suite of the early 
ring dyke PRD1: mixing and unmixing of magma 


Despite the field and textural evidence of magma 
mixing discussed above, the geochemical patterns of the 
PRD1 rocks show many features consistent with an 
origin by fractional crystallization (Figure 13.18). 
Continuous depletion in Sr and Eu point to plagioclase 
separation while the inflection in Na, O could reflect the 
changing composition of the separating plagioclase. 
Inflections in P,O, and Zr may be related to the onset of 
apatite and biotite separation while continuous sepa- 
ration of hornblende and titanomagnetite may explain 
the continuous decrease in Ti and HREE with 
evolution. 

Petrographic evidence shows that plagioclase, horn- 
blende and magnetite and possibly apatite are frac- 
tionating phases in group 3, being joined by biotite and 
quartz in the more acid rocks of group 1. In a large 
number of cases linear programming (Banks, 1979) can 
model accurately the compositional trends relating 
pairs of samples within limited segments of the suite by 
the fractionation of phenocryst compositions found by 
microprobe analysis of samples from that compositional 
segment. Seldom is there a convincing match between 
the observed trace element contents of the pair of 
samples and those predicted on the basis of such 
successful major element fractionation models. 

A more generalized model may be developed which 
investigates the fractionation of an average composition 
of the two most basic rocks of group 3. This may be 
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Figure 13.18 Selected Harker diagrams illustrating patterns of 
chemical variation among the intrusives of the early Puscao ring dyke, 
PRD1. 


modelled to give a residual composition representing 
the average of samples close to the group 3-group 2 
border. This residual, in turn, may be fractionated to an 
average of samples at the group 2-group | border 
which itself may be modelled to fractionate to a final 
residual which is the average of the two most acid 
samples from group |. The mineral assemblages re- 
quired by these fractionation schemes may be combined 
with partition coefficients appropriate to the com- 
position span being modelled to predict the trace 
element trends required by the fractionation schemes. 
In most cases these predictions differ from those in- 
volved in binary mixing of mean basic and acid end 
members and so the two competing models can be 
tested by element-element plotting. Partition coef- 
ficients used in the modelling have been derived from 
the compilations of Henderson (1982) and Arth 
(1976). 

Rb-Sr and Rb-Ba relationships offer some slight 
support to the mixing model (Figure 13.19A, B) but in 
view of the proximity of the two modelled trends, these 
can not be regarded as good discriminants. A poten- 
tially powerful discriminant may be found by plotting 
elements with extremely low bulk distribution coef- 
ficients in the fractionating assemblages against com- 
patible elements. Thorium is likely to possess a distri- 
bution coefficient significantly less than 0.1 for the 
assemblages under consideration while Sr, Co, Sc and 
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Figure 13.19 Comparison of fractionation model (solid line) and 
mixing model (broken line) for the PDRI intrusive suite. 
Fractionation was modelled from a parent with the average com- 
position of the two most basic rocks to a residual with the average 
composition of the two most acid rocks of the suite. The mixing model 
takes these two averages as end members. 


Cr might be suitable compatible elements. Unfortu- 
nately Cr is consistently low throughout the suite but 
data for Th, Co and Sc permit the testing of the models. 
Sc-Th and Co-Th diagrams provide the clearest in- 
dication that trace element patterns are inconsistent 
with fractional crystallization. Strong depletions in Sc 
and Co are required by hornblende fractionation 
modelled in groups 2 and | but this is not observed in 
the data which instead shows a close approximation to 
a linear mixing model (Figure 13.19C,D). The Th- 
Sr data shows a closely similar relationship 
(Figure 13.19F). These data require a dominant role for 
mixing of basic and acid end members. 

The more numerous REE data show patterns that 
are less apparently simple (Figure 13.20). A close 
approximation to the mixing line is incompatible with 
the fractionation model for the Yb/Lu data. La-Sm, 
Ce-Yb and La-Eu data all show moderate fits to the 
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Figure 13.20 Comparison of fractionation model (solid line) and 
mixing model (broken line) for the REE with the observed con- 
centrations in the PRD1 suite. The basic end member and the 
average of the two most acid rocks were used as parent and residual 
compositions in the fractionation model and as end members in the 
mixing model. 


mixing model but permit fractional crystallization a 
subsidiary role in contributing to some of the scatter in 
the middle range rocks. 


A model for the origin of the early Puscao ring 
dyke rocks 


Many aspects of major element distribution es- 
pecially the frequent inflections (Figure 13.18) argue 
against simple binary magma mixing and seem to 
require fractional crystallization. Trace element discri- 
mination between the two processes, while clear for the 
mixed rocks of group 2, are less so for the more basic 
intrusives of group 3: only the Yb-Lu plot argues 
against the possibility of some fractional crystallization 
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in this group (Figures 13.19 and 13.20). Petrographic 
evidence of mixing in the form of ocelli is also sparse in 
group 3 rocks while a further notable petrographic 
characteristic is their fluxion fabric and low phenocryst 
contents (Figure 13.15). They were evidently emplaced 
as fairly homogeneous crystallizing liquids for which a 
significant role for fractional crystallization is permitted 
by the data. 

By contrast the middle range rocks of group 2 are 
highly porphyritic (Figure 13.15), contain bytownite, 
labradorite and andesine-oligoclase-cored phenocrysts 
with quartz ocelli commonly present. They often form a 
roughly linear pattern between two inflections at 
SiO, ~59% and SiO, ~67% which serves to dis- 
tinguish them from the most acid and basic rocks of the 
whole suite (Figure 13.18). Trace element evidence is 
strongly in favour of mixing for group 2 
(Figures 13.19C, D, #) although processes of crystal- 
liquid separation, especially involving hornblende, may 
contribute to the scatter in the REE data 
(Figure 13.20). In group 2 major element, trace element, 
petrographic data and field evidence unite to require the 
predominance of a mixing process. 

The rocks of group | also possess high phenocryst 
contents (Figure 13.15) but no bytownite has been 
recognized and phenocryst contents fall with increasing 
SiO, towards the most silicic felsites quenched against 
the ring fault mylonites (Figure 13.15). Although sepa- 
rated from the group | rocks in Figures 13.19 and 13.20, 
the modelled group 1 fractionation trends are parallel 
to the observed group | trends (with the exception of 
La-Sm). This is consistent with fractional crystalli- 
zation within the most evolved members of this group 
represented by the early quenched facies developed 
along the ring fault. These probably lost crystals by 
flowage differentiation during emplacement. Less 
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Figure 13.21 Selected oxide-oxide plots for PRD1 rocks and 
phenocrysts from PRD1, group 1. 
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evolved members of group | were probably emplaced 
as phenocryst-rich crystal mushes and may represent 
cumulate enriched liquids (Figure 13.16). Na,O—SiO, , 
Na,O-CaO and Na,O-MgO plots support this view 
since group | rocks are isolated from the adjacent 
group 2 rocks and lie on a plagioclase-hornblende 
control line (Figure 13.21). 

A model emerges which involves a dioritic magma, 
which had undergone some fractional crystallization 
(group 3), mixing with an acid magma with a higher, 
but variable phenocryst content (group 1). The middle 
range rocks of group 2 were the product of this mixing 
event. 


Problems arising from the model 


The origin of the group | rocks requires comment and 
two possibilities may be considered; these acid rocks 
might represent either a residual liquid from the slightly 
earlier San Jerénimo phase of activity, or an early phase 
of the Puscao granodioritic magma that shows such 
abundant evidence of penecontemporaneity with the 
early Puscao ring dyke intrusives. Distinctive chemical 
contrasts, particularly in the REE patterns of the three 
rock groups now seem to rule out both of these 
possibilities. 

Nd and Sm are always higher in group | than in any 
Puscao intrusives analysed (Figure 13.22B) while the 
parallel evolving REE patterns and the increasing Eu 
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Figure 13.22 (A) Comparison of REE pattern for the PRD1 group 1 
rocks with that for the San Jer6nimo granites. (B) REE patterns for 
PRD1 group | dacites, Puscao granitoids and Puscao microgranites. 
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anomaly in the San Jeronimo data contrast with the 
cross-over at Sm in the data from group 1 
(Figure 13.22A). The origin of the group 1 rocks 
remains a problem. A second question concerns the 
nature of the proposed mixing process. The inflection at 
SiO, = 59% which appears to mark the onset of magma 
mixing requires that only the most evolved rocks of 
group 3 participate to any great extent in the mixing 
process. 

The solutions to both problems are not immediately 
obvious but both questions may be considered fruitfully 
in the light of recent work on mixed magma bodies 
(McBirney, 1980; Turner and Gustafson, 1981). 
McBirney has suggested that magma mixing and 
compositional gaps may arise following the develop- 
ment of a discontinuous compositional stratification in 
the magma chamber. Such a stratification may develop 
by the crystallization of early phases against wall rocks ; 
the rise of the resultant locally evolved liquid leads to 
the formation of an acid cap overlying the fractionating 
basic magma. The two separate magmas may also 
undergo further differentiation with vertical gradients 
developing either by crystal fractionation or by thermo- 
gravitational diffusion (Hildreth, 1981). Such a model 
has the advantage of permitting the derivation of the 
group | magma from that of group 3 without the 
requirement that the intermediate members of the suite 
are consistent with the fractionation model. In fact 
intermediate members may be absent giving a com- 
positional gap. The detailed investigation of this model 
is beyond the scope of the present work. The arguments 
presented above against fractional crystallization may 
also be levelled against this new model although the 
intervention of liquid-liquid differentiation may render 
these objections less critical. 

This refined model involves an upper porphyritic 
acid magma and a lower dioritic magma, both pro- 
bably vertically zoned. Such a configuration is gravi- 
tationally stable and therefore a reason for the catas- 
trophic rise and injection of the mixed rocks along the 
ring fault must be found. Cataclastic structures along 
the ring fault demonstrate the high strain rates de- 
veloped during the emplacement process with struc- 
tural evidence of both central uplift and subsidence. It 
may be that the gravitational problem was overcome by 
recharge-induced expansion of the composite group 1— 
group 3 magma chamber. Uplift, roof fracturing, 
and ring faulting was followed by the emplacement by 
stoping of the hybrid suite and subsidence of the roof 
along the arcuate marginal fracture zone would ensue. 
The uppermost, most fractionated, levels of the dioritic 
magma would be those most involved in the mixing. 
The resultant highly porphyritic hybrid mush would 
form a mechanical boundary between the deeper, fluid, 
more basic portions of the dioritic magma and the 
overlying porphyritic acid magma. This boundary 
would become more effective with increasing mixing 
and its presence would constitute a buffer against 
further mixing of the remobilized acid mush and the 
fluid dioritic magma. Cumulate material from the wall 
rocks of the subjacent magma chamber may be dragged 


up by the fluid diorite and may be represented by coarse 
net-veined relics of high-Cr diorite (see below). 

It is now necessary to consider the evolution of the 
granitoids which form the vast majority of the Puscao 
Super-unit. 


Puscao granodiorites, microgranites and 
associated basic-intermediate rocks 


Although the principal intrusion of Puscao grano- 
diorite is younger than the early Puscao ring dyke 
hybrids, evidence will be presented to show that they 
were emplaced in rapid succession. As in the case of the 
slightly earlier hybrids, evidence of contemporaneous 
basic and acid magmas may be found. In contrast with 
the earlier example mixing did not take place, probably 
because of the greater degree of solidification of the host 
rock when injection occurred. 


Field relationships and petrography 


Early porphyritic microgranites. ‘These rocks are pre- 
served as cross-cutting and deformed veinlets and a 
larger relic on the east side of the centre, all of which 
appear to have been affected by movements on the 
PRD1 ring fault (Figure 13.7). Their relatively early 
age is confirmed by the fact that Puscao granodiorite 
cross-cuts these deformed porphyritic microgranites. 
Phenocrysts are plagioclase with core compositions of 
An,,_,, and rims of An,,. One sample (SiO, = 73.33) 
contained phenocryst labradorite (An,,_,,) displaying 
only weak normal zoning and a very narrow more 
albitic rim intergrown with granular matrix. Pheno- 
cryst quartz is also ubiquitous but biotite is sparse and 
green hornblende even less common while micropheno- 
cryst magnetite is not uncommon. The matrix is 
dominated by aplitic quartz and feldspar together with 
isolated patchy anhedral poikilitic plates of hornblende 
and biotite. Aplitic veinlets carry abundant well- 
rounded microxenoliths of coarse granite and tonalite. 
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Some veinlets are deformed within the ring fault zone 
while others are discordant. 

From these relationships it is clear that acid magmas 
were injected in the vicinity of the fault zone during 
movement, they entrained and rounded debris during 
emplacement and are interpreted as aplitic tuffisites. 
These rocks preserve evidence of extreme disequilib- 
rium in their phenocryst assemblage and evince the 
conditions in the upper levels of a subjacent magma 
chamber which evidently supported an acid top. 


Puscao granodiorites and associated basic enclaves. ‘The 
intrusives of the principal Puscao pluton range from 
tonalite towards monzogranite in composition. Mason 
(1982) and Taylor (this volume) demonstrate the cryp- 
tic variation within the pluton from tonalites at lower 
levels to more acid types at higher levels. The pluton 
either cuts or shows contemporaneous relations in 
outcrop with the mixed rocks of the early Puscao ring 
dyke PRD1. Merging relationships and interfingering 
with the hybrids is commonly observed and in places 
contemporaneous shearing along the boundary be- 
tween the hybrids and the granodiorite has resulted in 
the presence of schlieren-like stringers of hybrid diorite 
within the granodiorite (Figure 13.23). Further, the 
granodiorite itself possesses well-defined planar zones 
dominated by basic enclaves. These dip at shallow 
angles in the centre of the pluton beneath the roof but 
marginal swarms generally dip steeply toward the 
centre of the intrusion. Some of the material is clearly 
earlier diorite and such material forms extensive flat- 
lying xenolith swarms immediately beneath the diorites 
forming the roof of the granodiorite pluton. Other 
enclaves are composed of mixed rock identical to that 
found in the PRD1. Still other enclaves consist of 
aphyric and feldsparphyric microdiorites with trachytic 
flow texture parallel to their contacts with granodiorite. 
These display a clear decrease in grain size within | cm 
of their margin (Figure 13.24A) and_ occasionally 
plagioclase crystals in the granodiorite are truncated at 
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Figure 13.23 Contact between PRD1-type dioritic hybrids, bear- 
ing mafic enclaves, and Puscao granodiorite. 
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Figure 13.24 (A) Fine grained margin of microdiorite pillow 
against Puscao granodiorite (crossed polars). (B) Convex and cuspate 
contacts between microdiorite enclave and Puscao granodiorite. (C) 
Polycrystalline granitic ocelli within microdiorite host. Note the 
sharp margins of the ocelli and the sometimes radial orientation of 


the contact with diorite. Diorites are often pillow- 
shaped with bulbous and cusp-shaped margins (Figure 
13.24B). Granodiorite forms vein-like extensions from 
the contact which cross-cut the fine-grained margin and 
the veins terminate as bleb-shaped acid inclusions in the 
diorite. Diorites carry single crystal ocelli of quartz and 
polycrystalline ocelli of quartz + K-feldspar, plagioclase 
and hornblende. As with the simpler ocelli described 
above, plagioclase in the diorite may be tangential to 
the ocelli and sometimes forms a selvage between the 
ocellus and the diorite. Plagioclase and hornblende in 
the ocellus are commonly radial and appear to have 
grown inward from the margin of the ocellus 
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feldspars within the ocelli. (D) Dioritic enclaves within Puscao 
granodiorite. Many small round granitic ocelli may be seen within 
the diorite, sometimes arranged in roughly linear trails as in the 
enclave below the lens cap. 


(Figure 13.24C). Plagioclase in the ocelli ranges from c. 
An,, at the margin of the ocellus to c. An,, in the centre 
while a radial hornblende projecting across an ocellus 
boundary has a more iron-rich margin in the centre of 
the ocellus but is more magnesian in the host diorite. 
Where most fully developed the ocelli form zones of 
bleb-like silicic inclusions which are cut across by sheets 
of granodiorite. 

Microdiorites display simple igneous textures with 
euhedral plagioclase phenocrysts variable from uniform 
cores of c. An,, to rims ranging from labradorite down 
to oligoclase in an oscillatory-normal zonal scheme. 
Matrix hornblende often clearly replaces augite and 


orthopyroxene which bears a subophitic relationship to 
subhedral tabular matrix plagioclase. 

Puscao granodiorites south of the Rio Huaura are 
medium- to coarse-grained. They typically carry easily 
recognizable relict phenocrysts of plagioclase with 
patchy cores of An,,_,, and oscillatory rims of An,, _,,. 
In his study of the complete spectrum from tonalite to 
granodiorite, exposed N of the Huaura, Mason (1982) 
found core compositions of An,,, An,,_,, and An,, with 
oscillatory rim compositions from An,, to An,,. The 
gross sense of zoning is usually normal although re- 
versals of up to 5° anorthite have been observed by the 
writer and reversals of 11° have been observed by 
Mason (1982) who attributes them to the injection of 
fresh surges of magma. Hornblende is often markedly 
acicular and is sometimes replaced by biotite which also 
forms independent crystals which predate interstitial 
quartz and K feldspar. Rare augite cores are found in 
hornblendes from tonalitic rocks (Mason, 1982) but 
granodiorites associated with mafic enclaves carry fresh 
euhedral augite and hypersthene. Large ovoid quartz 
crystals probably represent relict quartz phenocrysts 
while most quartz and alkali feldspar are anhedral and 
interstitial, containing zircon and sphene. Accessory 
apatite is found within all major phases while large 
euhedral grains of magnetite may be found within 
biotite and hornblende. 

Within the younger Puscao ring dyke PRD2 there are 
several small stocks of granodiorite, correlated with the 
Puscao Unit, whose contacts show them to be either 
younger or contemporaneous with the granodiorites 
forming most of the intrusion (Figure 13.7). These late 
pulses are generally similar to the ring dyke grano- 
diorites except that they are less coarse, being do- 
minantly medium-grained. 


The origin of the dioritic enclaves. There seems little 
doubt that the enclaves in the Puscao granodiorite are 
polygenetic. Some are clearly xenoliths of penecontem- 
poraneous hybrid rocks, others represent true xenoliths 
of earlier roof diorite. Others, with fine-grained mar- 
gins, bulb and cusp contacts and trails of complex ocelli 
are ambiguous regarding precise age relationship. 
Although the evidence of mutual mobility seems to 
require their essential contemporaneity, the question of 
‘which was first intruded may not be easily answered. 
The fine-grained diorite and the preferred orientation 
of feldspars in the marginal diorite may be interpreted 
as a chill, capable of brittle behaviour and veining by 
granitic material. Such acid liquid might break down 
into globules on penetrating the less viscous centre of the 
dioritic enclave and this may be the origin of the ocelli. 
In places granitic veins penetrate discordantly beyond 
fine-grained margins of the dioritic enclaves to dissect 
them extensively and this points to a continuation of 
mobility of the granitoid beyond the consolidation of 
the enclave material. These observations, combined 
with the restriction of such enclaves to steeply inclined 
swarms and the observation of synplutonic dykes of 
microdiorite cutting the penecontemporaneous hybrids 
of PRD1, argue in favour of the injection of the 
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crystallizing granodiorite by the microdioritic material. 
Such conclusions must remain tentative and it may be 
that in places the granitic material has intruded a 
dioritic mush. Field relationships in such dioritic com- 
plexes are notoriously ambiguous in the interpretations 
they support: ‘chilled margins’ of dioritic enclaves may 
be ‘recrystallized margins’ (Topley et al., 1982) and the 
phenomena of net-veining and back-veining of diorite 
by granitic material may be interpreted as shrinkage 
fractures developed in an already semi-solid diorite 
mush (Marshall and Sparks, 1984). What cannot be 
denied is the underlying contemporaneity of the en- 
claves and their granitoid host. 


Chemistry of Puscao granodiorites and 
associated rocks 


The granodiorites and microgranites. ‘The early micro- 
granites are distinguished chemically by their high 
Al,O, and Na,O, low FeO, MgO and TiO, relative to 
most other members of the suite (Figure 13.25). The 
high Na,O and Al,O, are characteristics shared with 
some of the Puscao granodiorites. Further, very similar 
REE patterns and a tendency to the development of 
a positive Eu anomaly characterize both the early 
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Figure 13.25 Harker diagrams for selected oxides comparing the 
chemistry of the porphyritic microgranites with that of the Puscao 
granodiorite. Microgranite represented by open symbols, grano- 
diorite by dots. 
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microgranites and the later Puscao granodiorites 
(Figure 13.22B). So marked is this similarity that 
a close relationship between the two rock groups may be 
supposed. The precise nature of this relationship is not 
clear, but, from their early appearance and the major 
element contrasts noted above, the microgranites may 
represent the accumulation of an acid liquid in the roof 
zone of a subjacent Puscao magma chamber. 

Fractionation models permit the derivation of 
average microgranite from an average Puscao grano- 
diorite parent by the separation of plagioclase + 
apatite + titanomagnetite + orthopyroxene + clino- 
pyroxene (model 1) or by the separation of 
plagioclase + apatite + titanomagnetite + hornblende + 
biotite (model 2). A large and increasing negative 
Eu anomaly would be generated by the fractionation of 
the model | assemblage. This is not observed in the 
data. Model 2 does not suffer from this defect but would 
produce too great a depletion in the heavy and middle 
REE. Such difficulties may be only partially overcome 
by the effect of incomplete crystal-liquid separation. 
Indeed, the surprisingly close similarity between the 
pattern of mean REE values for both the Puscao 
granodiorite and the microgranite (Figure 13.22B) 
appears to make any model involving fractional crystal- 
lization very difficult to substantiate since all these 
elements would require bulk distribution coefficients 
close to unity in the fractionating assemblage. Never- 
theless the very close geochemical affinities between the 
microgranite and the granodiorite, and the geological 
setting, all argue for a genetic relationship. It may be 
that the average major element composition of the 
Puscao granodiorite, calculated from five analyses, is 
more basic than the original liquid, of which the 
microgranites represent a sample. Alternatively, it is 
possible that the major and trace element relationships 
between the two rock types were not both governed by 
processes of fractional crystallization. Further work is 
required to resolve this problem. 


Chemistry of mafic enclaves. Mafic enclaves of feldspar- 
phyric and coarse diorite occur in both the mixed suite 
of the early ring dyke PRDI and in the Puscao 
granodiorite. They contrast strongly with the group 3 
diorites of the PRD1 suite on a number of counts. The 
enclaves tend to have a higher MgO/FeO and 
CaO/Na,O indicating their generally more primitive 
nature. Similarly P,O, is lower and correlates po- 
sitively with SiO, (Figure 13.26). While REE patterns 
are generally similar to those of group 3 diorites, the 
principal contrasts lie in a positive Eu anomaly and an 
overall lower level of concentration (Figure 13.27). 
Higher Cr contents are found in some, but not all mafic 
enclaves while Ti and Zr correlate positively in contrast 
to the PRD1 diorites (Figure 13.26). These characteris- 
tics are all consistent with pyroxene fractionation. The 
high CaO, the presence of phenocryst bytownite and 
the Eu anomaly all suggest that a certain amount of 
plagioclase accumulation has taken place. 

Some enclaves show marked textural evidence that 
they have mixed with the Puscao granodiorite magma, 
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Figure 13.26 Selected oxide-oxide variation diagrams illustrating 
the principal contrasts between diorites of PRD1 group 3 and the 
various enclaves found within both PRD1I and the Puscao 
granodiorite. 
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Figure 13.27 Comparison of REE data for the diorites of PRD1 
group 3 with dioritic enclaves found within the PRD1 suite and the 
Puscao granodiorite. 


carrying large, often polycrystalline granitic ocelli (see 
above). These rocks have suffered a shift to intermediate 
compositions and from their Cr—SiO, and P,O,—SiO, 
relationships, appear to represent a mixture of re- 
latively primitive high Cr diorite with the host Puscao 
granodiorite (Figure 13.26). This relationship makes a 
particularly strong contrast with the uniformly low Cr 
of the group 3 diorites in the early ring dyke PRD1. 
Other enclaves within the granodiorite are less ob- 


viously mixed and represent more fractionated dioritic 
liquids with higher P,O, and lower Cr (Figure 13.26) 
while, in contrast, coarse basic diorite relics in the 
earlier hybrid ring dyke (PRD1) represent relatively 
primitive high Cr compositions (Figure 13.26). 

It becomes evident that the presence of evolving 
dioritic magma beneath the complex was not restricted 
to the period prior to and contemporaneous with the 
emplacement of the hybrid PRDI intrusion. Availability 
continued into the consolidated stages of the slightly 
younger Puscao granodiorite and some of this material 
was of high-Cr primitive character. The picture em- 
erges of continually available dioritic magma which 
fractionated at depth, was injected and replenished 
throughout the Puscao cycle of magmatism, traces of 
relatively primitive and evolved dioritic magma being 
found both in the early PRD1 hybrid suite and in the 
enclave assemblage of the Puscao granodiorite. 


A general model for the Puscao 
phase of magmatism 


On the basis of the evidence available, a general 
model may be proposed for the emplacement of the 
Puscao intrusives (Figure 13.28). 

At an early stage in the development of the suite a 
subjacent magma chamber was occupied by the Puscao 
magma of broadly granodioritic composition. Dioritic 
magma injected into the roots of the chamber formed a 
stratified layer which was unable to rise further. Local 
injection of diorite into the Puscao magma might have 
resulted in early syn-plutonic dykes and their derivation 
by disruption as isolated xenoliths (Figure 13.284). 

The Puscao magma developed an acid cap which was 
injected along early fractures which developed above 
the margins of the roof of the chamber to form the suite 
of early microgranites (Figure 13.28B). Crystallization 
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of the dioritic magma onto wall rocks resulted in the 
segregation of an acid magma above the dioritic 
magma. Both layers may have become vertically zoned. 

Injection of the hybrid suite of the early ring dyke 
PRD1 was accompanied and preceded by central uplift 
within the cataclastic rocks of the ring fault zone. 
Recharge of basic magma might have resulted in 
overturn and expansion of the lower stratified system to 
produce these initial movements and generate the ring 
fracture systems (Figure 13.28C). Hybrid magma pene- 
trated along the ring fractures and the quenched acid 
facies at the ring fault preserved the initial stratified 
sequence in the deeper chamber. These pass centrally to 
the group 2 hybrids that dominate the ring dyke and 
were emplaced in a multipulsatory manner while 
locally highly fluid dioritic magma of group 3 carried 
shattered net-veined crystal mushes of high-Cr diorite 
from deeper levels (Figure 13.28C). 

The emplacement of the Puscao granodiorite took 
place penecontemporaneously within the ‘sleeve’ of 
hybrid rocks provided by the PRD1 and was un- 
doubtedly achieved by the large-scale collapse of the 
roof, isolated by the ring fracture, into the subjacent 
magma chamber (Figure 13.28D) Injection of dioritic 
magma penecontemporaneous with the granodiorite 
resulted in steeply inclined swarms of microdiorite 
pillows. 

The evidence of fractionating basic magma, con- 
temporaneous with granitic magma furnished by the 
Puscao suite of intrusives, has important petrogenetic 
implications. Mafic ‘xenoliths’ and bytownite ‘xeno- 
crysts’ clearly do not represent restite material relict from 
the source region of magma generation. They represent 
varying scales of disruption of contemporaneous 
phenocryst-bearing basic liquid. The evidence of con- 
temporaneity persists because of the special structural 
environment of the Puscao intrusives and their high- 


Figure 13.28 Schematic east-west sections across the southern part 
of the Huaura centred complex to illustrate the sequence of events 
during the emplacement of the Puscao suite. See text for details. 
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Figure 13.29 Geological map showing gravity stations. Residual 
gravity anomalies and geology (with rock density) are shown on 


sections ABC, DE. Every fifth gravity station is numbered. 


level ring dykes. It is reasonable to suppose that at 
deeper levels in such plutons convective overturn and 
recrystallization might obscure the origin of the mafic 
enclaves and permit alternative hypotheses for their 
origin. The final petrogenetic synthesis must take into 
account the presence of the contemporaneous basic- 
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intermediate magma and evaluate its role in granitoid 
magma genesis, whether by fractional crystallization, 
or crustal melting and hybridization. 

The centred complexes are also significant because 
they represent the highest structural level of exposure of 
major batholith plutons. They may represent the roots 


of long-standing eruptive centres and it is to this 
question that we now turn. 


Batholith plutons, ring complexes 
and calderas 


On a larger scale, the Puscao centred complex of the 
Rio Huaura may be viewed as merely the southern 
termination of the large and continuous Puscao pluto- 
nic complex which terminates northward in the Q, 
Paros centre (Figures 13.1 and 13.3). In the terrain 
between the two centres may be found deeper levels of 
exposure than those found in the centres. Here we see 
the ring complexes pass downwards into a major 
batholith pluton with dimensions of about 50 x 10km. 

Evidence of the nature of the upward transition of the 
centres towards the contemporary land surface is less 
direct. It has been suggested that, in many cases, the 
centred complexes represent the sub-volcanic level in 
an erosion sequence downward, from surface calderas, 
through the centres to roots which lie in major batholith 
granitoids (Myers, 1980; Knox, 1974; Bussell et al., 
1976). Alternatively, it has been argued that the 
centred complexes are too small to represent the roots of 
typical calderas and that linear fissures are more 
typically the feeders to large ash-flow tuff sequences 
(Thorpe and Francis, 1979). Further, the spatially 
restricted nature and acid composition of the centred 
complexes has been contrasted with the much greater 
lateral extent and compositional span, extending into 
basic lavas, of the Tertiary volcanic field (Atherton 
et al., 1979). 

Such arguments presuppose that centred complexes 
represent the only mode of upward facies change that 
could possibly have given rise to contemporary ex- 
trusives. In fact the centres, as demonstrated above, are 
structurally controlled foci developed above the roof 
zone of a much larger batholith pluton. Other struc- 
tural controls may produce other foci: in the Iglesia 
Irca intrusion (Bussell and McCourt, 1977) multiple 
and sequential injection of tuffisites, felsites, porphyritic 
microgranite and granophyre along a linear fracture 
zone are associated with potassic alteration. The whole 
association is strongly suggestive of hypabyssal fissure 
activity, close to the surface and probably associated 
with contemporary eruption. Sub-volcanic facies need 
not be related solely to centred complex emplacement, 
indeed, the Puscao pluton underlying the cauldron 
subsidence of the Q, Paros and Huaura centres, is a 
notably narrow linear pluton and only participates in 
centred structures at its northern and southern termi- 
nations (Figure 13.3). Similarly, many of the sub- 
sidence structures mapped by Myers (1980) are often 
markedly linear in form and can in no respect be 
categorized as centred complexes (Myers, 1975a). 
Nevertheless, they represent quenched hypabyssal 
facies of the Puscao and San Jeronimo Super-units 
similar to those described from the Rio Huaura centred 
complex and may have reached up to the contemporary 
land surface as linear fissures, similar to that of the 
Iglesia Irca intrusion. 
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Figure 13.30 Residual anomalies over the Huaura centred com- 
plex. Dots, before fitting of model; crosses, after fitting of model. 


The basic nature of some of the Calipuy succession 
has also been held to preclude their derivation from the 
centred complexes. Data from the Puscao ring dyke, the 
common association of basic magma with the Puscao 
unit and the implications which this carries for all the 
mafic enclaves associated with batholith plutons wea- 
ken this argument. Basic magmas were not restricted to 
the early history of the batholith but were important 
companions of the Puscao granitoids and were available 
for eruption to the surface, probably as mafic dykes 
emplaced peripheral to the centre, thus by-passing it. 
On the subject of size, this too seems to have little 
relevance in distinguishing possible sub-volcanic 
intrusives. 

The dimensions of the centred intrusions vary from 
radii of ~ 6km (San Jerénimo and Puscao) to values of 
~ 10km (Sayan and Puscao). These dimensions fit well 
within the range of dimensions of the seventy-six 
calderas reviewed by Spera and Crisp (1981). Indeed, 
comparisons may be drawn with the volcano fields of 
North America (Steven and Lipman, 1976; Hildreth, 
1979) where there seems little doubt that cauldrons in 
the roofs of batholith plutons, directly analogous to 
those of the Coastal Batholith, must underlie the surface 
calderas and their impressive ash flow deposits (Byers 
et al., 1968; Bailey et al., 1976). In view of the shallow level 
of emplacement of the centres in Peru and the hyp- 
abyssal nature of the facies, there can be little doubt 
that contemporaneous vulcanicity and the formation of 
surface calderas accompanied some of the centred 
complex intrusive activity. The preservation of such 
deposits in the active uplift regime of the Palaeocene 
must be open to question however and it may be that 
the centres have made no direct contribution to the 
extant pile of Tertiary volcanic rocks. Units most likely 
to have erupted include the acid facies of the Puscao 
hybrid ring dyke, the Puscao microgranites and the San 
Jerénimo felsites and granophyres. All these intrusives 
may have possessed phenocryst contents sufficiently low 
before their consolidation to permit eruption (Marsh, 
1981). Interpretation of the San Jerénimo granophyre 
as a degassed quenched magma enhances this possi- 
bility and a large scale acid pyroclastic eruption is likely 
to have accompanied or preceded the consolidation of 
this pluton. The driving force for the eruption of the 
Puscao hybrids might have been provided by the 
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mixing event itself (Sparks et al., 1977; Thompson, 
1980) and the eruptive products would be acid and 
mixed pyroclastic material. There is the further possi- 
bility that some of the basic magma might have 
bypassed the obstruction posed by the acid centre and 
reached the surface. 

Whatever the precise surface environment above the 
acid centres they preserve key evidence of the em- 
placement mechanism of large scale batholith plutons. 
Further, in the quenched ring dykes they preserve 
transient precursory facies intimately related to the 


+ 500 


emplacement process but which normally fail to be 
preserved during the destructive advance of a major 
batholith granitoid. The complex interplay of frac- 
tionating dioritic magma, itself mixing with its own 
fractionation products, is preserved in the early Puscao 
hybrid ring dyke. The merging and contemporaneous 
relationships with a major batholith pluton carries with 
it important implications for batholith magma genesis. 
The presence in the latter of swarms of mafic enclaves of 
contemporaneous porphyritic diorite has a bearing on 
theories of origin of the mafic enclaves so common in the 
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Figure 13.31 Map showing the principal external contact of the 
intrusives of the Huaura centred complex in relation to gravity 
model. Gravity stations are numbered. Triangles represent cylinders 
of gabbro of radius 0.5—0.75km and depth 2km, treated as point 
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masses. Shapes of subsided basic cylinders and half cylinders used in 
the gravity model are shown and section ABC illustrates their depth 
distribution. 


granitoids in the batholith. Hildreth (1981) observes 
that long-lived centres of acid magmatism may owe 
their longevity and periodic resurgences to fresh charges 
of mantle-derived basic magma. Such acid centres may 
pose an obstacle to the further rise of basic magma 
which may become ponded up, fractionate, hybridize 
and contribute to the complexity of evolution of the acid 
magmas in the centre. This is demonstrably the case in 
the Huaura centre. Possibly the syn-plutonic dykes and 
scattered mafic xenoliths found in large batholith 
granitoids provide a more deep-seated complement to 
the picture of contemporaneous basic and acid mag- 
matism which emerges from the quenched environment 
of the ring dykes. 


Gravity data and emplacement structure of 
the Huaura centred complex* 


In Chapter 2 a regional gravity gradient is demon- 
strated and two alternative crustal models for the 
Central Andes were deduced. Data were obtained from 
two gravity traverses in the region of the Rio Huaura: 
traverses which cross the centred complex described 
above. Removal of the regional gradient from these 
data permits the comparison of the resulting residuals 
with the surface geology (Figure 13.29). 

Some anomalies appear to be consistent with the 
outcrop lithology. For example there is a consistent 
positive anomaly of c. 11 mgals over the quartz-diorites 
of the Paccho unit (Figure 13.29). This gives way to a 
strong negative anomaly over the less dense volcanics 
and sediments of the eastern envelope. Similarly, over 
the western margin of the Batholith, the volcanic rocks 
of the envelope and the nearby gabbros support positive 
anomalies while values fall over the less dense granitoids 
on the west side of the Batholith (Figure 13.29). 
However the very strong negative value found over the 
outcrops of the Santa Rosa tonalite of the southern 
traverse is puzzling and several possibilities arise: 

(i) The Humaya unit, which possesses a lower den- 
sity, may lie at no great depth beneath the 
surface outcrops of the Santa Rosa tonalite 
(Figure 13.29) . 

(ii) The Santa Rosa tonalite may have been emplaced 
by lifting its roof, piston fashion, as suggested by 
Cobbing and Pitcher (1972). 

(iii) Block subsidence may have taken place within the 
Santa Rosa tonalite to such a depth that the 
sunken basic mass cannot be detected by gravity 
methods. 

These possibilities are not mutually exclusive and it is 


*This section has been contributed by C. D. V. Wilson and M. A. 
Bussell. 
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not possible to propose a preferred model at present. 

The central parts of the main traverse seem to present 
contradictory picture when outcrop geology is com- 
pared with the gravity anomalies (Figure 13.29). 
Consistent positive anomalies are found across the 
centred complex of the Rio Huaura where four large 
plutons, predominantly monzogranite, have been em- 
placed. However, it is the general thesis of this chapter 
that these plutons were emplaced by bell-jar subsidence 
into a large relic of basic rocks along the axis of the 
Batholith. It seems likely that the anomalous positive 
values over the centred complex might simply reflect 
the presence of these basic blocks of subsidence at depth. 

A linear gradient of 0.43 mgal/km can be fitted to the 
positive anomalies over the centred complex, possibly 
indicating greater subsidence of basic masses in the 
western part of the structure. This is geologically 
reasonable since, in the western part of the centre, all 
four units of the complex are found. In the eastern part 
of the complex, only the Sayan and Puscao units have 
contributed to the net subsidence. Removal of the linear 
gradient leaves anomalies remaining (Figure 13.30) 
and an attempt may be made to minimize these by the 
construction of a simple model of the depth, size and 
shape of the subsided blocks. 

Any model must be constrained by the structure of 
the complex as deduced from mapping (see above), by 
the gravity gradients and by the density contrast 
between the basic blocks of subsidence and their host 
rocks. The model is illustrated in Figure 13.31, fitting of 
the model reduces the anomalies considerably leaving 
few outstanding discrepancies. Of these, station 46 is 
outside the centred complex on the edge of the large 
negative anomaly over the Santa Rosa tonalite and 
Humaya monzogranite discussed previously. A second 
(station 17) lies close to the termination of higher- 
density Puscao hybrids against the Sayan ring dyke. 

With the relatively few stations available, modelling 
must remain tentative. Other models may also be 
constructed successfully but must retain the fundamen- 
tal feature of denser rocks at depth. Geological evidence 
from the Puscao ring dyke shows that basic magma 
accompanied the acid intrusives of the Tertiary centres 
(p. 146, above). Such basic material at depth may also 
contribute to the broad positive anomaly over the 
centre. Nevertheless the key point remains that the field 
evidence demonstrates clearly the operation of a bell- 
jar subsidence mechanism of emplacement into largely 
basic envelope rocks for the constituent plutons of the 
centred complex. A simple physical model of sub- 
sidence, closely constrained by this field evidence, is 
largely consistent with the pattern of residual gravity 
anomalies over the complex. 
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The mineralogy and textures of the rocks comprising the Peruvian Coastal Batholith generally reflect magmatic 
crystallization processes. The effects of other processes such as deformation, deuteric alteration, contact metamorphism and 
burial metamorphism are generally of secondary significance. 


Introduction 


The mineralogy and textures of the rocks of the 
Coastal Batholith reflect a history of magmatic crystalli- 
zation during residence within interconnected magma 
chambers at ascending levels in the crust. 

In what follows the essential features of the rock- 
forming minerals are described and the evolutionary 
history of the crystallization of one particular pluton is 
modelled on the basis of these findings. 


Analytical methods 


Thin sections of more than 700 samples collected 
mainly from the Lima segment between Rio Chancay 
and Rio Pativilca have been studied. Modes were 
determined routinely by counting 1500 points over an 
area of 6cm? but results obtained by counting over 
40 cm? were not significantly different. 

Analyses of plagioclase feldspars, alkali feldspars, 
pyroxenes, amphiboles, micas, Fe—Ti oxide minerals 
and some other accessory minerals such as prehnite and 
epidote were made at Manchester University using a 
Link Systems energy dispersive spectrometer attached 
to a Cambridge Instruments Geoscan electron micro- 
probe. The analyses were made using 15 kV accelerating 
potential, a specimen current of 3nA on cobalt metal 
and counting times of 100 liveseconds. The electron 
beam was normally focused to a diameter of 1 up, 
although a defocused beam of 20 u was used for some 
alkali feldspar determinations. The analytical method 
used has been described in more detail by Dunham and 
Wilkinson (1978) using the same operating conditions 
and the same microprobe. 

A wet chemical method (Wilson, 1960) was used 
to determine ferrous iron contents in hornblende and 
biotite separates from six samples. The mean value for 
Fe3* /(Fe?* + Fe?*) obtained for the biotite separates 
was 0.11 + 0.03 (2 x standard error) and was adopted 
for all the biotite microprobe analyses. For calcic 
amphiboles the Fe,O, contents established by wet 
chemistry coincided closely with the mid-point values 
calculated from microprobe data using the computer 
program of Papike et al. (1974). Therefore the Fe?* and 
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Fe?* contents of all the amphibole microprobe analyses 
were calculated by this computer method. Full details 
of all the analyses are given in Mason (1982). 


The rock-forming minerals and accessories 
Pyroxenes 


The modal volumes of pyroxene minerals in the 
various component rocks of the batholith decrease from 
more than 30% in some gabbros to less than 3% in most 
granitoids (Figure 14.1). Pyroxenes are absent from 
most acid rocks, and when present occur normally as 
corroded remnants mantled by hornblende. The anal- 
ysed ranges of Ca-rich and Ca-poor pyroxene com- 
position are shown in Figure 14.2 in relation to the 
pyroxene solidus composition trends in the Skaergaard 
intrusion (Brown, 1957; Nwe, 1976). The Ca-rich 
pyroxene is augite or calcic augite which is generally 
more calcic than the Skaergaard clinopyroxenes. The 
Ca-poor pyroxene is predominantly bronzite or hyper- 
sthene. The hypersthene is considered to be primary 
(rather than inverted pigeonite) since it either lacks 
exsolution lamellae or shows only nearly submicro- 
scopic lamellae lying parallel to (100). 

The presence of inverted pigeonite in the gabbros has 
been noted by Bussell (1975) and Regan (this volume). 
In the granitoids, inverted pigeonite occurs rarely as 
corroded remnants. In one rock augite, inverted pi- 
geonite and primary hypersthene occur together. The 
lack of any textural association between the two Ca- 
poor pyroxenes and the additional presence in these 
rocks of very calcic cores (An,,) to plagioclase crystals 
(see below) suggest that pigeonite and calcic plagioclase 
formed at depth prior to a rise of the magma to a crustal 
level at which primary orthopyroxene crystallized. 

The occurrence of both very calcic augite com- 
positions and primary hypersthene in the calc-alkaline 
magmas may be explained as reflecting relatively high 
water fugacities during crystallization which would 
depress the liquidi in the pyroxene system relative to the 
monoclinic-orthorhombic inversion curve (Brown, 
1968). An interesting facet of this study is that whereas 
zoned Ca-poor pyroxene crystals tend to follow a 
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Figure 14.1 Plots of modal percentages of various minerals v. wt% 
SiO, in their host rocks (emineral present; \, mineral absent). 
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Figure 14.2 Compositions of Ca-rich and Ca-poor pyroxenes from 
the Coastal Batholith, Peru. They are from the following rock 
samples: & A113; M A175b; A P21S; O A62; V A92;0 A60; 
@A184; A A96; V A98. A113 and A1l75b are gabbros; the rest are 


normal tholeiitic trend becoming more iron-rich to- 
wards their rims with no change in Ca-content, zoned 
augite crystals tend to become more calcic from core to 
rim without any significant change in Fe/Mg ratio 
(Figure 14.2). This may also be explained as an effect of 
increasing water fugacity during crystallization since 
the slope of the Ca-rich limb of the pyroxene solvus is 
much shallower than that of the Ca-poor limb (Boyd 
and Schairer, 1964; Lindsley and Munoz, 1969). 


Amphiboles 


Hornblende is one of the major mafic minerals 
(Figure 14.1) and, though poikilitic in some gabbros 
and diorites, it normally occurs as euhedral or sub- 
hedral crystals which are 0.1 to 5mm in length and 
commonly twinned. Its colour tends to change from 
brown (which is uncommon) to green-brown to green 
and rarely to blue-green with increasing differentiation 


Fe+Mn 


granitoids. Arrows extend from the core to the rim compositions of 
single crystals. The dotted lines represent solidus compositions of 
pyroxenes from the Skaergaard intrusion, after Brown (1957) and 
Nwe (1976). 


index of the host rock and crystallization of individual 
crystals. In granodiorites, for instance, the hornblendes 
are predominantly green-brown but may show a grada- 
tion to a narrow green margin, and in some gabbros 
hornblende crystals show a complete range in colour 
from a brown core to a blue-green margin. 

These colour changes appear to be due to progressive 
decrease in TiO, content since Ti is the only cation 
which shows large progressive changes corresponding 
to colour variations (see analyses 331-335); as also 
noted by Binns (1965) in metamorphic rocks. Spear 
(1976, 1981) has shown that the Ti content of calcic 
amphiboles is not dependent on pressure but increases 
with increasing temperature and decreases with in- 
creasing oxygen fugacity. Though much of the colour 
and TiO, variations can be related simply to changing 
temperature, some cases are due largely to changes in 
oxygen fugacity. For example, in some rocks the 
original green-brown hornblende has been patchily 
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Figure 14.3 Plot of Al'Y v. AlY! + Fe3* + Fe3* + 2Ti** + A-site in 


amphiboles. 


replaced by green hornblende with the associated 
production of sphene, and it seems likely that this was 
caused by relatively oxidizing conditions which may 
have been associated with the presence of late-stage 
deuteric fluids. 

In terms of the nomenclature of Leake (1978), the 
amphiboles present in the Peruvian Coastal Batholith 
are mainly magnesio-hornblendes although a range of 
compositions occurs. The early-formed amphiboles 
especially in the basic rocks tend to be tschermakitic 
hornblendes, and are often titanian tschermakitic horn- 
blendes, which grade into magnesio-hornblendes. In 
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Figure 14.4 Plots of Al!Y v. (a) A-site occupancy and (b) Al'Y + 
Fe?*++2Ti for all amphibole analyses. A measure of the 
uncertainty in the cell contents is shown and was estimated from the 
2c variations about weight percent oxide values. Regression lines on 
hornblende compositions are shown dashed with the general coupling 
relationship shown as a solid line. 


F* 


THE MINERALOGY AND TEXTURES OF THE COASTAL BATHOLITH 


the acid rocks later-formed amphiboles tend to be 
actinolitic hornblende which can sometimes be seen to 
rim magnesio-hornblende cores. Thus there appears to 
be a gradation in composition from titanian tscherma- 
kitic hornblende through magnesiohornblende to acti- 
nolitic hornblende with differentiation index and crys- 
tallization of individual crystals. In general, the 
Mg/(Mg + Fe?*) ratio of hornblende crystals tends to 
decrease slightly from core to rim (Appendix 4). 

Figure 14.3 shows a plot of Al'Yv, AlY!+ 
Fe?* + 2Tit* + A-site in amphiboles. This demon- 
strates that the main coupled substitution mechanisms 
are of tschermakite and edenite types. The slight charge 
excess of octahedral over tetrahedral site occupancies 
may be balanced by Ti-riebeckite and richterite sub- 
stitutions, but these are of minor importance. 

Figures 14.4a and 6 illustrate respectively the relative 
importance of the edenite and tschermakite types of 
substitution and show that for every three Al! ions 
occupying the tetrahedral site there is a close re- 
lationship with one Na or K ion in the A-site and two 
(AI'Y + Fe?* + 2Ti#*) ions in the M1-M2-M3 sites. 
There tend therefore to be two tschermakite-like sub- 
stitutions for every one edenite-like substitution. This 
relationship is found in a number of different igneous 
and metamorphic environments (Dodge et al., 1968; 
Helz, 1973; Robinson et al., 1971) and seems to reflect a 
basic constraint imposed by the amphibole structure. In 
particular the Ti-tschermakite substitution is the most 
important coupling which accounts for nearly half the 
charge balancing as illustrated in Figure 14.5. 

The Al”! contents of the Peruvian hornblendes vary 
from about 0.1 to 0.45 cations per 23 oxygens, and 
generally decrease with increasing differentiation index. 
The Al‘! contents of the amphiboles have been taken as 


Al'Y per 23 oxygens 
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Figure 14.5 Plots of Al'Y v. Ti* for amphiboles from the following 
rock types: gabbro, Al13 @ ; gabbro, A175 © ; diorite, A60 @; quartz 
diorite, A1840; Paccho quartz diorite, A62 4 ; Paccho granodiorite, 
A122A. The arrows extend from the core towards the rim com- 
positions of individual crystals. 
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Figure 14.6 Plot of Al‘! v. Ti for hornblendes from a number of 
different geological environments using data from Deer e/ al. (1962), 
and Leake (1968). The environments are:ecalc-alkaline rocks; 
Oother igneous rocks; 4 amphibolites and schists;Ogranulites; 
eclogites. 


a general indicator of the pressure of crystallization 
(Leake, 1965; Raase, 1974) ; see Figure 14.6. However, 
the Al‘! contents of magmatic amphiboles may reflect 
an indirect response to changes in silica activity which 
itself varies with pressure and the state of polymeri- 
zation of the melt. Thus an increase in AI‘! in horn- 
blende may be caused either by an increase in 
pressure or by a decrease in polymerization of the melt 
or both. The controls on variations in the Al‘! contents 
of Peruvian hornblendes cannot easily be quantified but 
it is suggested that the state of polymerization of the 
melt is a more important factor than pressure. 

Occasional actinolite cores to some hornblendes are 
thought to have formed by late, perhaps deuteric, 
alteration of Ca-rich pyroxene. Similar cores of cum- 
mingtonite occur very rarely and are considered to be 
due to similar alteration of Ca-poor pyroxene. 


Biotite 


Biotite is acommon mafic mineral in many granitoid 
rock types (Figure 14.1). The crystals vary from 0.1 to 
2mm across although in some cases, such as the 
Humaya granodiorite, large books of biotite occur with 
hexagonal basal sections up to 10 mm across. The form 
of the biotite crystals reflects the amount of space 
available to them during growth. In basic rocks, which 
were more than 70% solid before the appearance of 
biotite, the form of the biotite tends to be anhedral or 
poikilitic. On the other hand the euhedral and sub- 
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hedral biotites of the monzogranites suffered less in- 
terference during growth since they started to form ina 
magma containing less than 30%, crystals. 

They are all Fe-Mg biotite in composition (Foster, 
1960; and Figure 14.7) and show little systematic 
chemical variation other than in Mg/(Mg + Fe?*) 
ratios which range from about 0.38 to 0.61 and are 
directly proportional to those of the host rocks. Within a 
rock specimen the range of Mg/(Mg + Fe?*) ratios in 
biotite is smaller than in amphiboles due to a more 
limited period of growth. 

Assuming that the most iron-rich hornblendes and 
biotites are coexisting, hornblendes have slightly grea- 
ter Mg/(Mg + Fe?*) ratios than coexisting biotites and 
the Ay value tends to be about 1.6. Numerous studies of 
these distributions in amphiboles, gneisses and charnoc- 
kites have shown that in these situations the Ap values 
tend to be close to 1.0 (Kretz, 1959; Saxena, 1968; 
Stephenson, 1977). On the other hand DeVore (1957) 
and, in particular, Kanisawa (1972) have found that 
in calc-alkaline igneous rocks from various parts of 
the world hornblendes tend to have higher 
Mg/(Mg+Fe?*) ratios than biotite just as in the 
Peruvian examples. In Peru rare examples of biotite 
formed by replacement of hornblende have Aj values 
near 1.0. Thus the distribution coefficient (Aj) may be 
an aid in distinguishing biotites formed by replacement 
from the majority which crystallized from a melt. 

Figure 14.8 shows that biotite compositions seem to 
be defined by oxygen fugacities near to the Ni-NiO 
buffer which are slightly less than those occurring in the 
Sierra Nevada batholith (Dodge et al., 1969). As noted 
earlier there is little variation in Mg/(Mg + Fe?*) in 
biotite within a rock specimen. However the biotites in 
the acid Tumaray facies of the Puscao Super-unit are 
markedly more iron-rich, Mg/(Mg + Fe?*) = 0.38, 
than those occurring in the less evolved facies from the 
main Puscao pluton, Mg/(Mg + Fe?*) = 0.54. This 
trend would be expected in a magma in which oxygen 
fugacity is decreasing on cooling (Mueller, 1961; 
Wones and Eugster, 1965). In contrast, oxidizing 
conditions have affected some other magmas, such as in 
the San Jer6nimo Super-unit, which became water- 
saturated on cooling and in which the biotites evolved 
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Figure 14.7. The relation between the octahedral cations of biotite. 
The fields of different trioctahedral micas as defined by Foster (1960) 
are shown. 


Mg 


Figure 14.8 The relationship between the Fe3* — Fe? * — Mg con- 
tents of some biotites for which Fe?* was determined by wet 
chemistry. The estimated positions of biotite compositions defining 
the HM, NNO and QFM oxygen buffers are shown as dashed lines 
(Wones and Eugster, 1965). The oxygen fugacities defining biotite 
compositions from the Sierra Nevada batholith are shown as solid line 
SN (Dodge et al., 1969). 


towards increasing Mg/(Mg + Fe?*) ratios (Bussell, 
1983). 

Biotite is associated with magnetite in a general way 
in the basic rocks. This suggests that the oxygen fugacity 
of the magma is controlled by iron oxides at this stage. 
In the acid rocks no such association occurs which 
suggests that hydrous fluid components may have 
become significant in controlling oxygen fugacity as 
suggested by Mueller (1969, 1971). 

Finally, biotite is sometimes altered to chlorite and 
sphene by the action of late hydrothermal fluids flowing 
along fractures and grain boundaries. Other minerals 
associated with biotite are prehnite, apatite and oc- 
casionally pumpellyite. 


Plagioclase feldspars 


Plagioclase feldspars are the major rock-forming 
mineral in nearly all the plutonic rocks (Figure 14.1) 
and are important because their crystallization history 
spans much of the history of the batholith itself. They 
have wide range of compositions from An,, to An 
(Figure 14.9) and are often complexly zoned. Three 


An 
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Figure 14.9 Ternary plot showing the compositions of plagioclase 
and alkali feldspars obtained by microprobe analysis in term of Ca, 
Na and K. The diagram includes 144 plagioclase and 37 K-feldspar 


analyses. 
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main zoning types have been recognized: oscillatory 
zones, truncating zones and calcic zones. 


Oscillatory zoning. ‘This consists of repeated fine-scale 
compositional oscillations which usually have an ampli- 
tude of less than 5% An and a wavelength of 20 microns 
(Figures 14.10, 14.11). The oscillations are super- 
imposed upon the general trend of the plagioclase 
crystals to become increasingly sodic towards their rims. 
Oscillatory zoning is best developed in plagioclases of 
intermediate composition. Such zoning is poorly de- 
veloped or absent in the most basic rocks of the 
batholith, and in the acidic rock types normal zoned 
rims sometimes mantle the oscillatory zoned parts of 
plagioclase crystals. 

The uniform amplitude of the oscillations and the 
absence of good correlation between crystals suggest 
that they are produced by crystallization kinetics which 
are local to each crystal. It seems that there is some 
constraint which does not allow a new zone to begin 
until crystallization has progressed by a specific amount 
in the previous zone. One difficulty with many of the 
mechanisms proposed to explain oscillatory zoning (e.g. 
Bottinga et al., 1966; Sibley e¢ al., 1976) has been to 
account adequately for the repetition of zones. 
Oscillatory zoning may be explained by the periodic 
destruction of a boundary layer surrounding the grow- 
ing crystal. This may perhaps be due to instability 


Figure 14.10 Plagioclase crystals showing oscillatory zoning and 
corroded calcic cores (Santa Rosa porphyritic microdiorite, G71). 


Scale, 1mm. 


Figure 14.11 Plagioclase crystal showing oscillatory zoning and 
corroded relatively calcic core (Sayan monzogranite, A172 x ). 


Scale, 1mm. 
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produced by viscosity or density gradients resulting 
from increasing concentrations of incompatible com- 
ponents (e.g. water) in the boundary layer as the crystal 
grows. 


Truncating zoning. ‘Truncating zoning is a distinct type 
of zoning characterized by an abrupt change at a 
‘truncating boundary’ from a relatively calcic to a more 
sodic plagioclase. The earlier calcic feldspar commonly 
shows evidence of partial resorption (Figure 14.10). 
The ‘truncation zone’ refers to the more sodic plagio- 
clase immediately following the truncating boundary. 

Although it is most common for there to be only one 
such truncating zone within a crystal, up to three zones 
have been noted. In such cases the earliest zone has the 
largest compositional change across the truncating 
boundary (up to 45% An). The cores of crystals earlier 
than the first truncating boundary range in com- 
position from An,,—An,, (Table 14.1) and are often 
crossed by cracks which terminate at the truncating 
boundary (Figure 14.11). 

The truncating zoning can be correlated between 
crystals not only within a thin section but also in a more 
general way within a pluton (see Table 14.1: A96, 
A98). This suggests that it results from changes which 
affect the magma body as a whole and is not due to local 
crystallization processes. 

The ‘patchy zoning’ discussed by Vance (1965) is a 
particular form of truncating zoning and the origin 
proposed by Vance (1965) is acceptable for both. Each 
truncating zone or patchy zone formed as a result of 
pressure reduction associated with the ascent of magma 
within the crust causing resorption of crystals. In a 
lower-pressure magma chamber at a higher level in the 
crust precipitation of more sodic plagioclase occurred. 
Since the first truncating zone is associated with 
cracking of core crystals as well as the largest change in 
composition this may represent the major pressure 
change during the evolution of the magma. 

It is widely held that calcic cores to plagioclase 
crystals represent relict crystals (restite) from the partial 
melting process in the source region of the magma 


(Presnall and Bateman, 1973; White and Chappell, 
1977; Pitcher, 1978; Bateman and Nockleberg, 1978). 
However since in the Peruvian granitoids the calcic 
cores when not highly corroded show good euhedral 
outlines, it is suggested here that they might not be 
restite material but could have crystallized from a 
parental magma at depth in the crust. 

Calcic zones. Calcic zones are narrow zones, normally 
less than 20 microns wide, which have a distinctly more 
calcic composition than both the earlier and later 
plagioclase which surrounds them. The inner boundary 
of a calcic zone tends to be abrupt and may be 
accompanied by slight resorption, whereas the outer 
boundary is more gradational (Figures 14.10, 14.13). 

The occurrence of calcic zones in plagioclase in 
volcanic rocks has been mentioned by Wise (1969) and 
Smith and Lofgren (1983), but they have not been 
described previously from plutonic rocks. The com- 
position of the calcic zones appears to be fairly constant 
within individual crystals and to be similar to the most 
calcic plagioclase cores which immediately precede the 
earliest truncating zone. Calcic zones are not always 
present and normally not more than three zones occur 
in a crystal (although up to seven zones have been 
found). Calcic zones can be correlated between crystals 
in an intrusion which suggests that they reflect some 
event which affected the whole of the magma. For 
instance plagioclase crystals in the Humaya grano- 
diorite pluton commonly exhibit three calcic zones. 
Figure 14.12 shows the relative changes in composition 
and the form of the zoning in some traverses across 
crystals in a single rock sample. 

Each calcic zone is thought to have formed as a result 
of a batch of magma from depth being fed into a pre- 
existing higher-level magma chamber. Resorption of 
plagioclase cores within the uprising magma will re- 
lease the components of calcic plagioclases into the 
melt—perhaps as silicate complexes. It is suggested 
that within the lower-temperature higher level magma 
these calcic silicate complexes must be out of equilib- 
rium and will rapidly precipitate on to previously 


Table 14.1 Summary of plagioclase compositions obtained by microprobe analysis. (n/d = present but 
composition not determined; o/d = composition optically determined). 


Sample Super-unit Dif™. Cracks in Plagioclase composition (mol. prop. An) 
No. index cores, Y Core Truncation zone(s) Rim 
A113 Early Gabbro 17.9 — 93 86 80 
Al75b Early Gabbro 18.0 Y 90 Zdyiod 46 
A60 Unassigned 35.7 Y 83 46 29 
A184 Unassigned 49.8 ¥ 92-80 46 35 
A8 Santa Rosa 50.5 ¥ 60(o/d) 47 30 
A62 Paccho 52.0 y 81-75 56 31 
A96 La Mina (San Miguel) 56.5 Y 83-68 53, 47, 33 26 
A92 Santa Rosa 59.8 Y n/d 43 31 
A106 La Mina (Paros) 60.2 Y 47 n/d, 34 17 
Al22 Paccho 61.9 —= 51 43, 31 24 
P21S Puscao 64.0 Y 62 45, 34 22 
G65 Santa Rosa 70.8 _ 59 41 15 
P3W Puscao : 72.0 Y? 48 36-28 22 
A98 La Mina (San Miguel) 74.1 Y 80-75 57, 35 17 
A95 Santa Rosa 79.8 Y¥ n/d 36 12 
G184 Puscao (Tumaray) 88.0 ¥ n/d 40-33, 26(0/d) 14 
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Figure 14.10 Compositional profiles of four plagioclase crystals microns, along the same traverse as profile C. The crystal traversed in 
from a Santa Rosa quartz diorite (A8). All except profile C’ were profiles C and C’ is shown in Plate 14.3. 1, 2 etc. refer to particular 
determined optically. Profile C’ was produced from six-element calcic zones. R indicates some evidence of resorption. 


microprobe spot analysis, with a relatively coarse spacing of 5 
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formed plagioclase crystals. Such narrow calcic zones 
will occur whenever there is a periodic influx of magma 
from depth. 

The importance of magma mixing is discussed 
elsewhere in this volume and Figures 14.14 and 14.15 
illustrate the evidence for this process from plagioclase 
zoning. Figures 14.14 and 14.15 show examples of the 
two distinct populations of plagioclase crystals which 
occur in a sample of tonalite. The first population 
contains highly corroded calcic cores surrounded by 
plagioclase showing well developed oscillatory zoning 
within which there is often a single prominent calcic 
zone (Figure 14.14). The plagioclase crystals forming 
the second population tend to be smaller in size and 


Figure 14.13 Plagioclase crystal showing calcic core and two 
prominent calcic zones (Santa Rosa quartz diorite, A8). 
Scale bar 1mm for Figures 14.13—14.15. 


Figure 14.14 Large plagioclase crystal showing corroded calcic 
core, oscillatory zoning, and a prominent calcic zone (tonalite, G107) 


Figure 14.15 Plagioclase crystals containing corroded calcic cores 
crossed by cracks (tonalite, G107). 


164 


contain corroded and cracked calcic cores surrounded 
by poorly developed oscillatory zoned plagioclase 
(Figure 14.15). It is suggested that the second popu- 
lation of plagioclase crystals belonged to a late pulse of 
magma. This mixed with a higher level magma con- 
taining the first population of plagioclase crystals and 
caused the formation of the calcic zone. 


Alkali feldspars 


The amount of alkali feldspar present in the plutonic 
rocks varies in a regular manner related to host rock 
composition as shown in Figure 14.1. In basic rocks, 
alkali feldspar tends to occur interstitially while in 
intermediate and acid rocks it usually forms larger 
‘pools’ of xenomorphic habit. A few rock types contain 
alkali feldspar megacrysts (sometimes more than 2.5 cm 
in length) which often show evidence of having replaced 
plagioclase and are considered to have been produced 
by a late stage K-metasomatism (Lagache and 
Weisbrod, 1977; Orville, 1963). 

The structural state of the feldspars has been assessed 
on an optical basis and hence this is only a recon- 
naissance study. The term ‘orthoclase’ is used here for 
K-feldspar which is optically monoclinic despite the 
ambiguities that might arise in the use of this term 
(Smith, 1974). All K-feldspars which show cross-hatch 
twinning have been called microcline. Orthoclase, as 
defined above, is by far the most common form of K- 
feldspar in the granitoids of the Coastal Batholith and 
microcline occurs only in some of the most highly 
differentiated rocks. 

In Peru, the occurrence of microcline in some aplite 
sheets which cut large orthoclase-bearing igneous bo- 
dies shows that cooling rate is not a major control on the 
ordering process in K-feldspar. A number of authors 
(Emeleus and Smith, 1959; Ragland, 1970; Parsons 
and Boyd, 1971; Parsons, 1978) have suggested that 
volatiles have a catalytic effect on the ordering of K- 
feldspar. This would account for the presence of 
microcline, rather than orthoclase, in the relatively 
volatile-rich aplite sheets and would also explain the 
occurrence of microcline in only the most highly 
evolved parts of plutons. 

Mason (1982) demonstrated that in the Tumaray 
pluton the K-feldspar which crystallized at about lkb 
shows a progressive change from orthoclase to micro- 
cline towards the centre of the intrusion. The con- 
centration of volatiles in the magma also increased 
towards the centre as evidenced by the local develop- 
ment there of porphyritic textures and granophyric 
intergrowths. Thus the subsolidus ordering of K- 
feldspar in these rocks appears to be controlled by the 
concentration of volatile components in the melt. This 
conclusion is supported by Figure 14.16 which shows an 
early orthoclase crystal mantled by later microcline. If 
the main control on ordering were the concentration of 
volatiles at subsolidus temperatures this contrast in 
degree of ordering would not be preserved. 

The exsolution textures within the Peruvian 
plutonic rocks can be conveniently described using the 


Figure 14.16 Part ofa euhedral orthoclase crystal which is mantled 
by microcline (Tumaray monzogranite, G515). Scale as Figure 14.13. 


classification of Andersen (1928), and consist largely of 
film, vein and patch perthites. The alkali feldspar in 
basic rocks normally lacks exsolution lamellae and is 
probably a cryptoperthite. In the intermediate and acid 
rocks film and vein perthites are common. There is a 
general tendency for the vein perthites to become more 
abundant in the more acid rocks. Patch perthite usually 
occurs only in the most highly evolved rocks. Parsons 
(1978) suggested that the presence of magmatic water 
might be the prime catalyst in aiding perthite coarsen- 
ing. This idea could certainly account for all the 
variations in exsolution textures noted in this study. 

The range of K-feldspar compositions determined in 
this study is partly shown in Figure 14.9; BaO contents 
are low, being less than about | wt®%. More data would 
be necessary to establish the significance of any va- 
riations in composition but there is a possible tendency 
for the margins of the alkali feldspar ‘pools’ to be more 
potassium-rich than the cores. 


Granophyric intergrowths do occur within the 
Coastal Batholith and are most commonly found in 
highly differentiated rocks which formed from volatile- 
rich magmas. Field evidence for volatile saturation 
includes the drusy nature ofsome granophyres and local 
association with gas brecciation and vesicular felsite 
dykes (Bussell, 1975; Bussell «nd McCourt, 1977). 
Granophyric intergrowths arc best developed in the 
monzogranites and syenogranites of the San Jerénimo 
Super-unit and are a characteristic feature of the super- 
unit. In general these granophyric intergrowths are 
considered to have formed from rapid crystallization of 
quartz and alkali feldspar as a result of sudden re- 
duction in vapour pressure caused by loss of volatiles. 

The country rocks adjacent to granophyric intrusions 
may contain granophyric intergrowths deposited from 
fluids expelled from the intrusion (Jahns e al., 1969). 
For example in the Jaiva unit which is the roof of a San 
Jeronimo pluton in the Supe region, this hybridization 
process has caused extensive production of fine-scale 
granophyric intergrowths, alteration of mafic minerals, 
and veinlets of sodic plagioclase within fractured 
plagioclase crystals. 

Myrmekite on a very fine scale is of widespread 
occurrence. Relative to the amount of alkali feldspar 
myrmekite is much more common in the basic 
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than in the acid rocks. It is thought to have formed by 
localized resorption of plagioclase and reprecipitation 
as myrmekite. This proposed mechanism is a variation 
on the Becke model (Becke, 1908) for myrmekite 
formation. 


Accessory minerals 


Magnetite is the major opaque mineral with ilmenite 
occurring in only minor amounts (Figure 14.1). This is 
in accord with the classification of these granitoids as 
magnetite-series or I-type (Ishihara, 1977; Chappell 
and White, 1974). Unfortunately both magnetite and 
ilmenite have suffered such a large degree of subsolidus 
re-equilibration that their compositions lie outside the 
calibrated limits of Buddington and Lindsley’s (1964) 
Fe-Ti oxide geothermometer. 

Allanite is not an uncommon mineral in the highly 
differentiated granites. Apatite is a ubiquitous accessory 
in all the plutonic rocks. The habit of an apatite can vary 
considerably and even within a single thin section both 
needles and squat prisms of apatite can occur. Sphene 
is of widespread occurrence and forms up to | vol. % in 
some rocks. In most cases it is of secondary origin. 
Epidote, tourmaline and zircon also occur. 

Prehnite and pumpellyite have been recognized in this 
study and are being increasingly described in plutonic 
rocks (Phillips and Rickwood, 1975; Moore, 1976; 
Ross, 1976; Tulloch, 1979). These minerals are of 
interest because they may relate to the low-grade 
metamorphic events recognized in the country rocks as 
described elsewhere in this volume. Prehnite occurs as 
colourless lenses within biotite, in veins and oc- 
casionally as a product of saussuritization of plagioclase. 
Pumpellyite is found most commonly as minute sheaves 
of golden-brown acicular crystals in chlorite and as 
lenses within biotite similar to those of prehnite. 


Some features of the petrography of the 
Tumaray pluton 


To conclude this chapter, the Tumaray pluton has 
been selected to illustrate the application of some of the 
arguments presented above for individual mineral 
groups to establish some facets of the crystallization 
history. For the Tumaray monzogranite pluton crystal- 
lization at several levels has been established as sum- 
marized in Table 14.2. 

Indications of the lowest chamber are largely based 
on the rare occurrence of cracked and calcic cores (c. 
An,,) to some plagioclase crystals which show two 
truncating zones. Within the ‘intermediate level’ mag- 
ma chamber there is good evidence for the crystalli- 
zation of plagioclase, quartz, alkali feldspar, horn- 
blende and biotite. Plagioclase of composition An,, 
nucleated spontaneously and grew within the magma 
and it also nucleated and grew upon the earlier calcic 
plagioclase. As crystallization proceeded the plagio- 
clase became normal-zoned from An,, to at least An,, 
before intrusion of the magma into the higher chamber 
at the present level. The intermediate chamber was also 
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Table 14.2 A comparison of the major minerals within the Tumaray monzogranites and 
the Puscao granodiorites, and of the level in the crust at which their crystallization took 
place. It should be noted that these mineral assemblages may not be representative of the 
mineralogy occurring in all parts of the magma chambers. 


Monzogranites of the 
Tumaray pluton 


Granodiorites of the 
Puscao pluton 


Exposed chamber 
Hornblende 


Quartz 


Biotite 


Alkali feldspar 


Intermediate chamber 
Hornblende 


Quartz 


Biotite 


Alkali feldspar 


Lowest chamber 


Plagioclase, An,,_,, 


Plagioclase, An,,_,, 


Plagioclase, c. An,, 


Plagioclase, An 
Hornblende 
Quartz 

Biotite 

Alkali feldspar 


35-22 


Plagioclase, An 
Hornblende 
?Ca-rich pyroxene 


Quartz 


50-45 


Plagioclase, An,, 
Ca-rich pyroxene 
? Pigeonite 


the site for the growth of quartz crystals up to 10mm 
long (now partially resorbed and ellipsoidal in shape) 
and of orthoclase crystals up to 2mm long. The 
probable order for the first appearance of the major 
minerals in the magma is: plagioclase-hornblende- 
quartz-biotite-alkali feldspar. 

At the present level all the major minerals continued 
to precipitate with the possible exception of horn- 
blende. Plagioclase of composition An,, grew upon 
earlier resorbed crystals of composition An,,. Quartz 
and alkali feldspar both nucleated spontaneously 
within the melt and overgrew their respective earlier 
formed crystals. As described above the progressive 
increase in volatile content controlled both the ordering 
of the K-feldspar and the coarseness of the exsolution 


textures. Figure 14.16 shows part of a euhedral ortho- 
clase crystal which crystallized in the intermediate 
chamber mantled by microcline which formed in the 
higher chamber. The Tumaray monzogranites show 
very little chemical variation both radially and over a 
vertical interval of about 1000m, and Mason (1982) 
has demonstrated that the magma chamber repre- 
sented by the pluton at the present level crystallized at 
pressures close to 1kb (Py). 

Table 14.2 shows that the evolution of the grano- 
dioritic magmas of the separate Puscao pluton followed 
a similar course, further illustrating this general thesis of 
a progressive crystallization history during residence 
within interconnected magma chambers at ascending 
levels in the crust. 


The structural controls of batholith emplacement 


M. Andrew Bussell 
Department of Geology 
City of London Polytechnic 
Bigland Street 
London El 2NG 
United Kingdom 
Wallace S. Pitcher 
Department of Geology 
University of Liverpool 
Liverpool L69 3BX 
United Kingdom 


The Coastal Batholith forms a strikingly persistent plutonic lineament which is thought to reflect control by a deep-seated 

lithospheric suture which continuously channelled the magmas to their present high level in the crust. The constituent plutonic 

complexes, regularly spaced at 120 km, may represent the location at depth of separate, resurgent melt cells which supplied the 

magmas. Emplacement was controlled by resurgent fracture systems and involved a combination of roof-splitting, cauldron 

subsidence and stoping, the resulting plutons probably representing thin tabular bodies linked by ring dykes. When the ages of 

intrusion and tectonism are assembled a regional pattern emerges which invites modelling on the basis of changing rates of 
sea-floor spreading. 


Introduction 


A review of the structure of the Andes demonstrates 
the importance of structures striking near 334° (the 
‘Andean trend’) while consideration of the geological 
evolution of the mountain chain emphasizes the 
longevity of this structural frame. A late Precambrian 
fold belt (Audebaude ef al., 1971) together with still 
earlier Precambrian rocks form significant Andean- 
trending structures in the core of the Cordillera Orient- 
al. This belt, in turn, was the locus of ensialic basin 
formation during the Lower Palaeozoic terminating in 
orogenic deformation during the late Devonian. 
Lineamental control of facies and thickness variations 
continued into the Mesozoic, the Andean-trending 
Marajfion Geanticline acting as a facies divide between 
the deposits of the West Peruvian Trough and the East 
Peruvian Trough (Wilson, 1963). Such controls exten- 
ded to the finer detail of thickness and facies variation 
within the West Peruvian Trough (Myers, 1975; Cob- 
bing, 1976). Fold structures affecting these rocks follow 
similar trends as, indeed, does the Coastal Batholith 
that intrudes them. A picture emerges of sequential 
subsidence, deformation and uplift along linear belts 
the margins of which were controlled by deep-reaching 
basement lineaments. 


A batholith lineament 


The Coastal Batholith follows a remarkable linear 
course over most of its length. Northwards it passes out 
of the Mesozoic Huarmey Basin to traverse the trans- 
Andean Chavin basin in North Peru. The line of the 


Huancabamba deflection is also transected by the 
Batholith with no deviation from the Andean trend, 
and still further north isolated plutons forming the 
northern extension of the Batholith pass out of the 
Mesozoic basins to be emplaced into Lower Palaeozoic 
schists (Figure 15.1). 


BR coastal Batholith 


re-Carboniferous basement 


Axis of Chavin Basin 


Figure 15.1 Map showing the discordant relationship between the 
Coastal Batholith and large-scale crustal structures. 
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These relationships suggest a fundamental deep 
control of batholithic emplacement since even the 
impressively large-scale structural frame of the Mesozoic 
basins is sliced through by the plutonic chain. A possible 
source of this control may lie in the position of a 
Mesozoic Benioff zone and its potential influence on the 
site of magma generation. Modern andesitic volcanoes 
stand at heights of 90-200 km above their underlying 
Benioff zones according to the survey of Gill (1981). 
However, in the case of the Coastal Batholith it seems 
most unlikely that such depths to a subducted slab should 
have combined with Benioff zone dip angles to result in 
magma generation in a zone with a cross-strike width of 
only 50 km over the entire 65 Ma history of batholith 
emplacement. Even in the active arc segments reviewed 
by Gill (1981), 16 out of 34 possess a width considerably 
in excess of 50km. If such variability were to be 
compounded through time, the simple relationship of 
the linear nature of the batholith to a subduction- 
controlled trench-arc gap seems most unlikely. A more 
realistic possibility is that the magmas were generated at 
varying depths and distances from the trench over the 
long period of plutonism but were channelled by a 
deep-reaching lineament to their present site in the 
upper crust. This lineament was exploited, and perhaps 
even generated, during the earliest phases of batholith 
emplacement. Once traversed by early magmas, fur- 
ther pulses followed the same hot, permeated and 
weakened pathway. The early channel may have 
become self-perpetuating as suggested by Fyfe (1973) 
and controlled the width of the plutonic belt and its 
alignment. It is now necessary to consider spacing 
patterns observed along the batholith lineament. 


Spacing of plutonic complexes 


Inspection of the regional map (1A, B) of the batholith 
demonstrates the presence of a number of discon- 
tinuities in the plutonic lineament. These may be 
observed at 9°50’S, 10°45’S, 11°41’S, 12°44’S and 
13°24’S and at these latitudes the batholith is either 
extremely narrow or absent altogether (Figure 15.2). 
Within this 900 km length, six plutonic complexes can 
be recognized —sometimes crudely lenticular and with 
an average centre-to-centre spacing of about 120 km. 
This spacing is considered too regular to have orig- 
inated by chance. By analogy with model studies it may 
suggest a direct relationship between diapir spacing 
in the mantle source region to overburden thickness 
(Ramberg, 1981). Alternatively, the spacing may be 


equivalent to twice the thickness of a convecting layer 
(McKenzie and Richter, 1976) which has been re- 
sponsible for a long-lived chain of hot spots along the 
batholith lineament (see Rickard and Ward, 1981, fora 
review). Whatever the precise control of this spacing, it 
is considered to be too large in scale and too regular to 
reflect a control by any kind of upper crustal structure. 
It seems more likely that the spacing is controlled by the 
regular location of long-lived, deep melt cells. 

A particular feature of the Coastal Batholith in the 
Lima segment is the presence of centred complexes 
(Figure 13.1), four of which are associated with a well- 
developed set of en-échelon dextral wrench faults that 
dominate the structure of the southern half of the Lima 
segment. This pattern suggests the presence of a 
deeper-seated dextral shear concurrent with the ba- 
tholith lineament. Each centre lies close to the in- 
tersection of a large wrench fault with the axial zone of 
the batholith and it seems that these intersections have 
consistently acted as magma channels. In a Finnish 
example Halden (1982) shows how, in the crust ad- 
jacent to the deep levels of a Precambrian wrench fault 
zone, porphyritic granite was emplaced into nearby 
dilatant zones developed as a consequence of movement 
on the shear zone. In the case of the centred complexes 
such processes would be reinforced by the deep ac- 
cession of mantle-derived magma, guided by the ba- 
tholith lineament, into the central parts of the dextral 
faults. 

The spacing of the four centres is also of interest and 
varies between 34 and 45km. This approximates to the 
range of crustal thickness found beneath the batholith at 
9° S by Jones (1981). This secqnd-order spacing, super- 
imposed on the larger-scale periodicity discussed above, 
may possibly reflect the shorter wavelength of mag- 
matic diapirs extending upwards from the base of the 
continental crust. 


Pluton emplacement: a fracture control 
at all scales 


Fracture control of cauldron subsidence 


In the high-level plutonic environment represented 
by the Coastal Batholith, brittle fractures have often 
determined the gross form of individual plutons giving 
them a crudely rectilinear shape at map scale. The high 
frequency of Andean and Andean-normal plutonic 
contacts closely mimics the fault pattern in the envelope 
rocks as originally demonstrated by Knox (1971) and 
Cobbing (1973) (Figure 15.3). Moore and Agar (this 


Figure 15.2. Map showing the regular nature of discontinuities 


which divide the batholith into plutonic complexes. 


168 


10% frequency 


a 350 9 10 


os 


Rose diagram compiled from the strikes of 351 faults 
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Figure 15.3 Comparison of linear intrusive contacts and country 
rock fracture system in the Huaura plutonic complex (after Cobbing, 
1973), 


volume) consider that cauldron subsidence along 
Andean and Andean-normal fractures controlled the 
emplacement of plutons in the Arequipa segment of the 
batholith while Myers (1975a) demonstrated convinc- 
ing examples of cauldron subsidence from the Huay- 
llapampa quadrangle (Figure 15.4). 

The control of subsidence process by large-scale 
fractures may be confirmed by examination of the 
centred complexes. Here steep pluton walls pass rapidly 
into flat roofs in the case of the Sayan and Puscao 
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Figure 15.4 Cross-section of the Coastal Batholith 
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intrusives (Figures 13.7 and 13.8) emphasizing the ‘cut 
out’ nature of the plutons. Appropriately wall rocks 
show little trace of distortion, even in contact zones. In 
the examples provided by the Sayan and San 
Jeronimo intrusives the steep sides and flat tops of blocks 
of subsidence may be identified (Figures 13.4A, 13.8), 
complementing the flat roofs and steep walls of the 
external plutonic contacts. 

Sometimes fractures were generated above the flanks 
of rising plutons. Myers (1975a) describes a sequence of 
ductile shear zones developed above the margins of the 
rising mass of Puscao magma. Increasing strain rates 
resulted in microbreccias which became entrained by 
gases to generate tuffisites. Finally a ‘Baranda sheet’ was 
emplaced as a turbulent gas-liquid-solid mixture to 
form either a ring dyke or flat-lying sheets. Blocks of 
crust isolated by such early intrusive facies then col- 
lapsed into the subjacent magma chamber as the main 
mass of granitoid magma was emplaced. In the Rio 
Huaura centred complex too, ring-fault mylonites were 
propagated ahead of the Puscao magma to guide a 
precursory ring dyke (the first Puscao ring dyke, 
PRD). This isolated a large block of roof rocks which 
then collapsed into the underlying chamber (Figure 
13.28C, D). However, in another centred complex, that 
of the Rio Fortaleza, Knox (1974) demonstrated a close 
control of the form of pluton contacts by major 
lineaments in the envelope rocks (Figure 15.5). These 
influence the shape of the ring dykes and the form of the 
blocks of subsidence. 

Other important influences on the shapes of contacts 
include the location of earlier contacts. Reworking of 
earlier-formed intrusive contacts is commonplace and 
results in screens of older rocks (often Gasma group 
volcanics or earlier gabbros and diorites) being pre- 
served along the contacts between nested granitoid 
intrusives. Good examples are seen in the relationship of 
the southern part of the Puscao intrusives in the Rio 
Huaura to the San Jeronimo centred structure, and the 
relationship of the Canas pluton to the Sayan monzo- 
granite (Figure 13.2). 
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Huayllapampa region showing the presence of large nested bell-jar 
plutons (after Myers, 1975a). PS shows trace of present topography. 
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Figure 15.5 Map showing the relationship of major lineaments in 
the country rocks of the Rio Fortaleza acid complex to the ring dyke 
faults. Stereonet shows poles to major lineaments. Inset a shows a rose 
diagram of 49 measurements on the contacts of the Anta ring dyke. 
Inset b shows a rose diagram of 72 measurements of the contacts of the 
Patirumy ring dyke. 


Fracture control of contact detail 


Fracture control of the form of plutonic contacts 
extends down to outcrop scale. Fracture orientations 
have been sampled in a wide range of batholith com- 
ponents in the region of the Rio Huaura. Despite the 
age range of the intrusive rocks and the separation of the 
sample sites, pooling of the data demonstrates a re- 
markably consistent pattern (Figure 15.6). Strongest 
joints are those orientated parallel and perpendicular to 


170 


magnetic N 


> 2.8% 
2.8% - 1.9% 
1.9% - 0.9% 


[] 0.0% - 0 


Figure 15.6 Stereonet of poles to 1611 joint planes measured in the 
Rio Huaura region. 


the Andean trend while one subordinate maximum is 
parallel to the locally north-north-east major wrench 
fault direction. A further, subordinate, maximum 
trends west-north-west and may represent shear joints 
conjugate with these north-north-east trending frac- 
tures (Figure 15.6). Some of these structural trends are 
commonly the locus of aplite injection and, when 
sufficient aplite sheets are present, a convincing case can 
be made for the control of aplite injection by fractures 
with the same orientation as the local joint system 
(Figure 15.7). 

Synplutonic dykes also follow components of this 
fracture system, particularly those of Andean trend (see 
Pitcher and Bussell, this volume), and serve to under- 
line further the essentially contemporaneous nature of 


e joints 
o aplites 
Figure 15.7. Comparison of the distribution of poles to joint planes 


and poles to aplite sheets in the Sayan monzogranite 2km WNW of 
Sayan village. 
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Figure 15.8 Map showing the movement history of the principal 
dextral wrench fault in the Rio Huaura area and its effects on 
successively younger structures. Radiometric ages shown are based 


on K-Ar determinations of Wilson (1975). 


pluton consolidation and fracture propagation. The 
successively greater dextral offset of progressively older 
intrusive contacts by the large-scale wrench fault which 
transects the Huaura centred complex offers further 
support to a model of continuous evolution of fractures 
in a regime of wrenching (Figure 15.8), although it 
seems likely that periods dominated by intrusion com- 
pression and wrenching alternated with episodes of 
uplift (Bussell, 19832). Residual stresses probably accu- 
mulated in the consolidating plutons during active 
wrenching. The fractures themselves may have opened 
under the influence of magma pressure to control dyke 
trends and intrusive contacts or as a consequence of 
doming and uplift to form the presently observed joints. 
Indeed, tke joint system itself may have formed prior to 
its exploitation by batholithic intrusives. 

Whatever the precise timing of joint formation, the 
control of contacts by fractures parallel to the joints is 
easy to demonstrate (Bussell, 1976). Santa Rosa diorite, 
one of the older components of the batholith, possesses 
the Andean and Andean-normal joint directions, the 
former exploited by a basic dyke which demonstrably 
pre-dates the adjacent Santa Rosa tonalite (Figure 
15.9A). Both fracture trends have controlled the em- 
placement of the younger Santa Rosa tonalite which 
actually penetrates along the earlier dyke (Figure 
15.9A). The Santa Rosa monzogranite is cut by the 
red granite while the tonalite itself is the host of the La 
Mina tonalite. In both of these younger examples a 
similar control of contact form may be observed (Figure 
15.9B, C). In the case of the La Mina intrusion the 
action of the stoping process is emphasized by the 
presence of numerous angular blocks of Santa Rosa 
tonalite, engulfed by the La Mina tonalite, in the 
contact zone. As in the case of the Santa Rosa tonalite- 
diorite contact, the intrusive contact of the younger 
pluton has actually been guided along an earlier dyke in 


the host rocks (Figure 15.9C). A few dykes cross the 
contact emphasizing the essential contemporaneity of 
granitoid emplacement and basic-intermediate dyking: 
a relationship which finds further support among the 
still younger mixed basic-acid intrusives in the Huaura 
Centred Complex (see chapter 13). 

The occurrence of contemporaneous 
intermediate and acid magma and the frequent 
observation of synplutonic dykes contemporaneous 
with granitoid consolidation is of special interest. There 
is some evidence from the Huayllapampa and Rio 
Huaura regions that dyke patterns were strongly in- 
fluenced by the stress patterns generated by plutons and 
rising granitoid magmas (see Figures 10.4 and 10.5, and 
Pitcher and Bussell, this volume). 


basic— 


Deformation fabrics: forceful emplacement 
or regional compression? 


Examples of deformed plutons 


Although most of the batholith plutons have clearly 
been emplaced by cauldron subsidence under a strong 
fracture control, there are instances in which plastic 
deformation of pluton and envelope rocks has either 
accompanied or closely followed emplacement. 

Near Cerro Prieto, in the valley of the Rio Nepefia, 
an early foliated dioritic facies of the Santa Rosa Super- 
unit is found adjacent to gabbro that has been con- 
verted to blastomylonitic amphibolite (Figure 15.10). 
Locally steep lineations are found in the blastomy- 
lonites which also contain folded sheets of quartz- 
diorite. Parallelism of fabrics in blastomylonites and 
diorite across discordant contacts suggests similar ducti- 
lities for both rocks during the deformation and the 
intrusive is considered to have deformed as a crystal 
mush together with the basic rocks of the heat-softened 
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Figure 15.9 (A) Sketch map showing the contact relationship 
between the Santa Rosa diorite and tonalite in Pampa Ihuanco. 
Stereonet shows poles to joints in the diorite host rocks. (B) Sketch 
map showing contact relationships between the Santa Rosa monzog- 
ranite and Red granite in Pampa Ihuanco. Stereonet shows poles to 


envelope. Dioritic magma was evidently emplaced and 
became consolidated during continued movement 
along a steep shear zone. A second pulse of less basic 
magma was then emplaced by opening up dilational 
fractures along and across the foliation in the diorite. 
This later phase of emplacement might have been 
accomplished by the dilational emplacement of a 
tonalite-granodiorite magma blister along the fracture 
zone, the wall rocks being forced outwards on the 
southern side of the blister (Figure 15.10). Consistent 
with this argument, the intensity of planar fabric, which 
is strong at the margin of the tonalite, decreases rapidly 
towards a structureless core: a pattern also found in the 
forcefully emplaced Ardara pluton in Donegal (Holder, 
1979). 

Similar early shear zones form the border to batholith 
plutons elsewhere (Figure 10.1). Common features are 
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joints in the monzogranitic host. (C) Sketch maps showing the contact 
relationships between Santa Rosa tonalite and La Mina tonalite from 
four traverses along the margin of the San Miguel pluton 12 km west 
of Sayan. Stereonet shows poles to joints in the tonalitic host rocks. 


steeply dipping planar fabrics, often with a steeply 
plunging mineral lineation, and near-horizontal bou- 
din axes. A particularly well-preserved deformed plu- 
ton may be found as relics within younger Santa Rosa 
granodiorite on the eastern side of the batholith in the 
valley of the Rio Nepefia (Figure 15.11). This is the 
Quebrada Cauthuy Grande intrusion: originally a 
pluton with a diameter of about 9km, steep external 
contacts and a strongly developed concentric planar 
fabric defined by plagioclase, hornblende and discoidal 
mafic xenoliths. Structures in the relatively plastic 
envelope sequence on the eastern side of the pluton 
show a marked swing in strike about 2km from the 
contact, dips increase and the pelitic sediments develop 
into cordierite-biotite schists with an andalusite li- 
neation plunging directly down-dip near the pluton 
margin. On the west side the predominantly more 
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Figure 15.10 Map showing the relationships between the Santa 
Rosa Super-unit and gabbro and blastomylonitic amphibolite which 
form the host rocks in the Cerro Prieto area, 24 km west of Moro in the 
valley of the Rio Nepefia. 


competent rocks forming the envelope have been 
fractured. Cleavage is generally weakly developed and 
dips to the south-west more steeply than the bedding. 
However, pelitic rocks near the border of the pluton 
have been converted to cordierite-sillimanite schists in 
which a strong L—S shape fabric, defined by deformed 
cordierite spots, dips away from the pluton more 
shallowly than bedding. Such rocks form a number of 
discrete shear zones within the envelope sequence but, 
curiously, do not occur at the contact of the pluton. 
Between the shear zones primary sedimentary struc- 
tures show that the strata are in normal succession. 
Bedding and the cordierite-sillimanite schists are 
crossed by shear zones which have undergone thrust 
displacements and dip shallowly towards the Gauthuy 
Grande Pluton. 

In the case of the Cauthuy Grande Pluton it seems 
clear that emplacement was accompanied by defor- 
mation: envelope rocks east of the pluton were forced 
first upwards on the west side of the fault, then outwards 
and down to produce the presently observed flexure. 
On the west side relationships are also complicated. 
Here the geometry of the cordierite-sillimanite schists 
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Figure 15.11 Map showing the relics of the deformed Cauthuy 
Grande pluton and its relationships to the country rocks, 9 km north 
west of Moro in the valley of the Rio Nepefia. 


seems to require early normal displacement on the shear 
zones adjacent to the pluton, with displacement of the 
outer portions of the envelope rocks downward along 
the outwardly-directed shear zones (Figure 15.11). 
These structures may have developed as hot shear zones 
which were generated above the rising magma prior to 
its emplacement at the present level. The later, 
outwardly-directed thrusts are more easily related to 
the expansion of the magma blister after it came into 
place. If this interpretation is correct then some of the 
space for the emplacement of the pluton was made by 
disp!acement of the roof rocks upward. Nevertheless, 
the inclusion of sizeable relics of diorite within the 
pluton suggests that not all the room was made by 
envelope distension. 


Significance of the deformation fabrics 


Deformed borders are fairly common among the 
older members of the batholith. The western margin of 
the large Santa Rosa tonalite-granodiorite pluton in the 
Rio Huaura region possesses a well-developed planar 
fabric (Cobbing and Pitcher, 1972). In the Huaylla- 
pampa region a large pluton of the Santa Rosa Super- 
unit (Huaricanga facies) is foliated throughout and 
associated, in places, with mylonitic envelope rocks 
(Myers, 1980). Further south, in the Arequipa Seg- 
ment, Moore and Agar (this volume) record flattened 
xenoliths and planar mineral fabrics as fairly common. 
In most of these examples the envelope rocks are 
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structurally undisturbed and so these authors envisage 
a cauldron subsidence mechanism of emplacement. 
Cobbing and Pitcher (1972) consider the marginal 
deformation fabrics to be either a consequence of 
regional deformation or alternatively the result of 
forceful emplacement. Cobbing et al. (1981) suggest 
that the restriction of deformation fabrics to early 
plutonic phases may reflect the greater degree of 
regional compression acting at that time. Moore and 
Agar explain the fabrics as a late imprint developed 
under regional compression, the initial emplacement 
process being predominantly one of fracture-controlled 
cauldron subsidence. Myers also considers the emplace- 
ment mechanism, even of these early deformed plutons, 
to have involved cauldron subsidence processes akin to 
those seen in the centred complexes. 

Berger and Pitcher (1970) draw attention to the 
difficulty involved in distinguishing fabrics developed in 
a high-level pluton that consolidated during a phase of 
regional compression from those developed as a con- 
sequence of forceful emplacement of magma. Indeed, 
the distinction may be impossible so that the mode of 
emplacement of the early deformed granitoids remains 
a problem. Several important points may be stressed. 
(1) The deformation fabrics are restricted to the Santa 
Rosa and older super-units. In most cases they are 
restricted to contact zones and often involve the earliest 
phase in a sequence of plutonic pulses. (2) Conclusive 
evidence of roof lifting is rarely found. Marginal zones 
of envelope deformation are usually narrow and broad 
belts of envelope flattening adjacent to steep-sided 
deformed plutons are very uncommon. (3) In several 
sectors of the batholith envelope rocks can be traced, 
virtually continuously, across the entire width of the 
batholith. (4) In many cases the older batholith units 
have no fabric and wall rocks are undisturbed. 
Emplacement has clearly been controlled by brittle 
fractures (Figure 15.9A, B). (5) Negative residual gra- 
vity anomalies, one of them large, have been found over 
the outcrop of the Santa Rosa Super-unit in the Rio 
Huaura area (see Figure 13.29). 

From these considerations it is concluded that force- 
ful emplacement with shouldering aside of envelope 
rocks has rarely occurred in the Coastal Batholith: the 
Cauthuy Grande pluton is a rare exception to this rule. 
Fabrics have been produced largely by regional defor- 
mation during consolidation. 

The absence of such fabrics from the Palaeocene 
intrusives of the centred complexes is puzzling in view of 
the evidence of regional deformation furnished by 
contemporary high fault slip-rates (Bussell, 1983a). 
Perhaps the period of uplift and erosion that intervened 
between the Tertiary and Cretaceous plutonism re- 
suited in consolidation of the former intrusives under 
lower confining pressures with a consequent sup- 
pression of plastic deformation during their consoli- 
dation. Further, the emplacement of the Tertiary 
plutons within the rigid carapace provided by the 
earlier granitoids might have served to shield them from 
the effects of regional compression during their 
consolidation. 


174 


While significant lateral flattening is not observed, 
limited flattening and shearing occurs within the blasto- 
mylonitic rocks which form the envelope rocks to some 
deformed plutons. Vertical movements are implied and 
the possibility that roof rocks have been lifted at some 
stage in the emplacement process remains open. The 
geophysical data, in particular, offers some support to 
this suggestion since it requires either subsidence of 
displaced basic country rocks to very great depths, or 
alternatively their displacement upwards by the force of 
emplacement of the magma. In this connection it must 
be noted that, even in the simple passively emplaced 
stock of the Cajias pluton, a slight updoming of about 5° 
in the adjacent host granitoids was demonstrated by 
Taylor (1976). A model of forceful emplacement of 
magma, with lifting of roof rocks along steep mylonite 
zones, followed by collapse and cauldron subsidence 
might seem to provide an emplacement sequence that 
satisfies most of the points above. 


Tectonics and magmatism 


Regional correlation of tectonic and 
magmatic events in the batholith 


When the ages of episodes of plutonism, dyke em- 
placement and tectonism are assembled then a pattern 
emerges over the length of the batholith so far studied in 
detail (Figure 15.12). The earliest phase of magmatism 
in the coastal region involved the eruption of the basic 
lavas of the Casma Group from linear fissures of Andean 
trend. Large extensions may have occurred at this time 
and granitoid magmatism was absent. A second phase 
began with folding of the Gasma Group, closely fol- 
lowed by the emplacement of gabbros, synplutonic 
dykes, Jecuan-type granites and abundant mafic dykes 
(see Pitcher and Bussell, this volume). A regime of 
oscillatory, but strong, extension and compression is 
indicated for this period. 

A third phase is characterized by the emplacement of 
large dioritic and tonalitic plutons in both the Lima and 
Arequipa segments (Pampahuasi, Linga, Paccho and - 
Santa Rosa Super-units). Deformation fabrics are fairly 
common but tend to become less intense in younger 
pulses of the same super-unit as Moore and Agar (this 
volume) show for the Pampahuasi Super-unit of the 
Arequipa segment. Similarly, in the Lima segment, the 
early Huaricanga facies of the Santa Rosa Super-unit in 
the Fortaleza plutonic complex is more thoroughly 
foliated than the younger Coralillo variety. During this 
period the intensity of dyke emplacement was low while 
the fault slip-rate was high: all these are features 
consistent with granitoid emplacement under a regime 
of dominant, but variable, regional compression. 

The succeeding fourth phase may also be recognized 
in both the Lima and Arequipa segments although 
beginning earlier in the latter. Early events in this phase 
involve the last plutonics to show significant defor- 
mation fabrics: the Incahuasi Super-unit of the 
Arequipa segment and the late pulses of the Santa Rosa 
Super-unit in the Rio Huaura region (Figure 15.12). 
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Figure 15.12} Table showing the chronology of plutonic and 
tectonic events in the Coastal Batholith. Chronology based on 
Cobbing ef al. (1981), Moore and Agar (this volume) and Mukasa 
(this volume). 


Dykes were emplaced within both these units during the 
late stages of deformation and consolidation: a further 
point of similarity between the segments. Further, these 
intrusives herald a period in which activity was domi- 
nated by slightly deformed to undeformed granitoids 
(Tiabaya, Humaya) and abundant dyke swarms. Con- 
current with this phase, the fault slip-rate was low and it 
seems that this phase represents a change of tectonic- 
magmatic regime in which relatively extensional tec- 
tonics and dyke emplacement predominated—perhaps 
indicating a period of significant uplift and erosion. In 
confirmation of this a marked change of facies from 
marine carbonates to coarse conglomerates, silts and 


muds is found in strata of Santonian age east of the 
batholith. 


THE STRUCTURAL CONTROLS OF BATHOLITH EMPLACEMENT 


Phase five presents the strongest distinction between 
the Lima and Arequipa segments. High fault slip-rate 
and the voluminous magmatism of the La Mina, San 
Jerénimo, Puscao, Sayan and Cajias Super-units char- 
acterizes a brief period in the Lima segment 
(Figure 15.12), yet despite the evident close correlation 
of magmatism and regional compression, little evidence 
of this event has yet emerged from the Arequipa 
segment. Correlative events east of the batholith may be 
the Incaic phase of deformation, responsible for the 
principal folds and thrusts of the sediments of the 
miogeosyncline east of the batholith. Upper age limits 
for this compressive episode are provided by K-Ar data 
from volcanic strata which overlie the folded 
miogeosynclinal sediments unconformably. These ages 
range from 53.9 (Wilson, 1975) to 41 Ma (Noble eé al., 
1979). 

The remaining history of the batholith belt is one of 
subaerial vulcanicity punctuated by periods of uplift, 
folding and planation (Myers, 1975; Farrar and 
Noble, 1976; McKee and Noble, 1982). Plutonism in 
the Coastal Batholith was much more restricted over 
this period but a well-marked chain of stocks east of the 
batholith mark the onset of a shift in plutonism away 
from the batholith lineament that culminated in the 
emplacement of the Cordillera Blanca batholith 
(Figure 15.12). 


Magma-tectonic cycles 


The correlations represented in Figure 15.12 de- 
monstrate a twice-repeated tectonic-magmatic cycle. 
Early stages of each cycle are characterized by basic- 
intermediate dyke emplacement during a period of 
extensional tectonics. This was succeeded by a period 
dominated by granitoid emplacement and regional 
compression with relatively insignificant dyking at the 
present level of exposure. The strongest along-strike 
correlations involve events prior to about 80 Ma the 
control of which may be sought in the well known mid- 
to Upper-Cretaceous maximum for sea-floor spreading 
over the period 108-80 Ma (Larson and Pitman, 1972, 
recalculated after the time scale of LaBreque et al., 
1977). 

Mégard (1978) has proposed a model relating 
Andean tectonics to sea-floor spreading. This model 
relies on a systematic relationship between Benioff zone 
dip angle and rate of sea-floor spreading: a notion that 
has received some support recently (Yokokura, 1981). 
According to this model, low rates of sea-floor spreading 
are associated with a sinking slab and a consequent 
steep Benioff zone. Secondary spreading above such a 
steep Benioff zone during low rates of Lower Cretaceous 
sea-floor spreading may have been responsible for back- 
arc basin formation, the eruption of the Casma basalts 
and the emplacement of the associated dykes. An 
increase in sea-floor spreading rates would, according to 
the model, generate a compressive tectonic episode by 
virtue of the resistance offered by the steeply dipping 
Benioff zone. This effect might be responsible for the 
changing style of tectonism and magmatism that suc- 
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ceeded the eruption of the Casma Group: the folding 
and the oscillatory transition from basic dyking and 
gabbroid plutonism to granitoid plutonism. Basic- 
intermediate magma, no longer able to penetrate to 
high crustal levels in this new tectonic environment, 
might become ponded up at the base of the crust. 
Underplating, differentiation and crustal melting might 
all be enhanced in a period of compression and 
contribute to the generation and rise of the older 
granitoid magmas along the length of the batholith 
lineament. Thus the broad patterns of plutonism and 
tectonism prior to 85 Ma support the concept of a 
regional tectonic control of events along the whole 
length of the batholith. This concept becomes increas- 
ingly less appropriate with decreasing age of the 
magmatic phases. Although phase four represents both 
a clear correlation of tectonic and magmatic events 
between the segments and relates to regional facies 
changes in strata of the same age east of the batholith, 
nevertheless the time of onset is a little earlier in the 
Arequipa segment. The divergence between the Lima 
and Arequipa segments becomes stronger in the Ter- 
tiary because the intense Palaeocene magmatism and 
high fault slip-rate of the Lima segment has yet to find 
correlatives in the Arequipa segment. However, further 
south, in the Toquepala segment the Cerro Verde and 
Yarabamba units are of comparable age. 

Leaving aside the possibility of diachronism in the 
intrusive events, the decreasing order displayed by 
tectonic and magmatic events from the late Cretaceous 
onwards may simply be a reflection of the greater 
influence of local controls over the regional processes 
resulting from small fluctuations in rates of sea-floor 
spreading. Much more radiometric data is required, 
particularly along the length of the batholith, to test 
further for the laterally diachronous magmatic and 


Table 15.1 K-Ar ages for two super-units from the Lima segment 
(after Cobbing ef al., 1981) showing along-strike variation. 


Rio Huaura_ Rio Supe ___ Rio Fortaleza 


San Jerénimo 64 Ma = 57 Ma 
La Mina 68 Ma 62.7 Ma — 


deformational sequences that are indicated by the 
limited data at present available (e.g. Table 15.1). 


Conclusions 


The persistence of magmatism along the batholith 
over such a lengthy time-span is thought to reflect 
control by a deep-seated lithospheric lineament which 
channelled the magmas to their present high level in the 
crust. This lineament was either pre-existing or was 
generated and remained unchanged from an early stage 
in the formation of the batholith magmas. Similarly, 
plutonic complexes regularly spaced at about 120km 
are thought to represent the location at depth of 
resurgent melt cells which controlled the location of all 
subsequent plutonism. 

Early granitoids were emplaced by a combination of 
roof-lifting, cauldron subsidence and stoping. Lateral 
distension of envelope rocks was not common and most 
deformation fabrics evolved as a consequence of coeval 
regional deformation. Younger granitoids were em- 
placed by cauldron subsidence and stoping along 
existing fracture trends, sometimes accompanied by 
slight doming of the envelope rocks. Because of the 
dominance of cauldron subsidence, the high-level plu- 
tons are likely to represent thin tabular bodies linked by 
narrow ring dykes which may underlie or overlie the 
thin disc-shaped plutons. Of great interest is the lack of 
evidence of any significant change of either emplace- 
ment mechanism or depth of emplacement along the 
entire length of the batholith. 

A sequence from basic-intermediate dyke emplace- 
ment and vulcanicity in the Lower Cretaceous, folding 
and the subsequent emplacement of granitoids under 
regional compression in the Upper Cretaceous and the 
emplacement of undeformed granitoids with abundant 
dykes in the Late Cretaceous might be related to known 
variations in the rate of sea-floor spreading. However, 
plutonism is rarely synchronous over the length of the 
batholith, and some events are clearly diachronous 
implying the lateral migration of tectono-magmatic 
events with time. The investigation of such patterns 
offers an important goal for further research. 
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A compilation of new Rb-Sr whole-rock isochron data with K-Ar mineral ages, U-Pb ages and earlier K-Ar dates provides 
acomprehensive geochronological account of the Peruvian Coastal Batholith and the Cordillera Blanca Batholith. The data 
significantly contribute to the history of evolution of these batholiths and provide a sound base for further research. 


Introduction 


In this chapter the results of an extensive geochro- 
nological study of the Peruvian Coastal Batholith using 
the Rb-Sr whole-rock isochron (WRI) technique are 
reported for the first time. These Rb-Sr WRI data are 
integrated with newly determined K-Ar ages on mi- 
nerals separated from samples of intrusions from both 
the Coastal Batholith and the Cordillera Blanca Batho- 
lith, as well as all the earlier published K-Ar data for 
these batholiths known to the authors and the new 
high-precision U-Pb ages for zircon separates reported 
elsewhere in this volume. Thus we have attempted to 
produce a comprehensive account of the present state of 
knowledge of the geochronology of the Peruvian 
Coastal Batholith as well as the Cordillera Blanca 
Batholith. This radiometric data base is used to estab- 
lish, as far as possible, the history of intrusion during the 
evolution of these batholiths but many problems remain 
unsolved and it is hoped that the present contribution 
will prove to be a useful foundation for future studies. 
The localities from which the samples were collected are 
indicated in Figure 16.1. The analytical methods used 
in this study have all been described previously and 
are summarized in Appendix | (see Beckinsale e¢ al., 
1984). 

The reader is referred to other chapters in this volume 
for all details of the geology, mineralogy and geochem- 
istry and the definition of the dated rock-types and 
super-units. However, since one of the major objectives 
of the present study was to investigate the validity of the 
concept of the super-unit as a temporally distinct event, 
it is important to discuss briefly the definition of super- 
units in relation to sampling for Rb-Sr WRI age 
determinations. As described in other chapters the 
batholiths of Peru consist of large numbers of in- 
dividual intrusions in the form of plutons, sills and dykes 
which together constitute major plutonic complexes. In 
the field it has been established that in certain plutons, 
particular rock units look similar to other adjacent or 
nearby rock units in terms of lithology and particularly 


texture and may thus be genetically related to them. 
Such rock units also form suites of intrusions with a 
family similarity in texture and lithology: these are 
termed super-units and have been mapped, in some 
cases, for hundreds of kilometres (see the maps at the 
end of this volume). A particular super-unit displays 
consistent intrusive relationships with other super- 
units. In conventional stratigraphic mapping terms 
individual rock units would be equivalent to lithostrati- 
graphic formations and super-units might be analogous 
to lithostratigraphic groups. 

It is important to appreciate that the techniques for 
determining K-Ar ages on micas or amphiboles and U- 
Pb ages on zircons are based on separating these 
minerals from a single rock sample. In contrast Rb-Sr 
WRI ages rely on regressing together measured 
87Sr/®6Sr and ®7Rb/®°Sr data for different rock samples. 
In collecting rock samples from the batholiths of Peru 
where the exposure is usually so perfect there is 
normally no doubt as to whether the samples used to 
produce Rb-Sr WRI ages were taken from a single rock 
unit or from a suite of similar rock units comprising a 
super-unit. Such uncertainties often remain unresolved 
in sampling batholiths in less well-exposed terrain. 
Furthermore, it is often impossible to derive an Rb-Sr 
WRI age from the data for a single Andean rock unit 
because the lack of geochemical variation which is 
characteristic of these I-type rocks results in an ex- 
tremely restricted range of Rb/Sr ratios. In many 
instances it is only possible to produce a Rb-Sr WRI age 
by regressing together data for a suite of intrusions, 
taking advantage of the fact that successive rock units in 
each super-unit exhibit a basic-to-acid ‘rhythm’ 
(Pitcher, 1974) which provides a range of Rb/Sr ratios. 
Obviously there is generally no conceptual difficulty in 
accepting the significance of a Rb-Sr WRI age derived 
from samples from a single rock unit in accord with 
currently existing understanding of Rb-Sr systematics. 
The significance of a Rb-Sr WRI age derived 
from a suite of rock units encountered in one traverse 
across a super-unit is not self-evident. We demonstrate 
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Figure 16.1 Outline map of the Cretaceous-Tertiary Coastal 
Batholith to show the plutons which have been sampled for isotope 
analysis. 


RB-SR WHOLE-ROCK ISOCHRON AND K-AR AGE DETERMINATIONS 


below that this approach to sampling can provide a 
reliable Rb-Sr WRI age for the relatively short in- 
trusive event which produced the whole basic to acid 
sequence comprising the super-unit. There are obvious 
dangers in regressing together data for samples from 
different plutons. Regressing together sub-parallel ar- 
rays of Rb-Sr data with different initial 87Sr/®Sr ratios 
and different ranges of Rb/Sr ratios might obviously 
produce spurious Rb-Sr WRI ages. Generally such a 
spurious Rb-Sr WRI age would be expected to be too 
old since increasing initial ®’Sr/*°Sr ratios tend to go 
hand in hand with increasing Rb/Sr. In the Peruvian 
Coastal Batholith there is generally sufficient control on 
the Rb-Sr WRI ages from intrusive relationships or 
from K-Ar or U-Pb age data to rule out this possibility. 


Examples of ‘pseudoisochrons’ have been produced 


although these appear to result from magma mixing or 
contamination rather than sampling artefacts, as will be 
discussed below. 

In this chapter we shall begin in Southern Peru and 
work northwards. Data for individual rock units or 
super-unit traverses are set out in Tables 16.1—16.23 
and plotted in Figures 16.2, 16.3, and 16.5=16.9: 


The Toquepala segment 


This most southerly segment of the Coastal Batholith 
in Peru is distinctive because the batholith splits into 
two distinct branches formed of sub-parallel chains of 
plutons about 50-100 km apart (Figure 16.1). In the 
field two or three distinct super-units were mapped: the 
Ilo Super-unit along the coast and, inland, the Linga- 
Arequipa and the Yarabamba Super-unit which is 
associated with major copper porphyry ore-bodies for 
example at Cuajones and Toquepala. It is now evident 
that four super-units are present in addition to the 
intrusives specifically related to the porphyry coppers 
and that at least some of the diorites originally mapped 
as belonging to the Ilo Super-unit are in fact much 
older. The name Punta Coles Super-unit is suggested 
for these diorites which are identified here as the oldest 
component of the Peruvian Coastal Batholith. 


The Punta Coles Super-unit 


Although there is no reason to doubt the ages for the 
Punta Coles Super-unit presented here more radiomet- 
ric data would be useful. Because only two samples were 
collected, hornblende concentrates have been sepa- 
rated for K-Ar age determination. Initial *’Sr/°*Sr 
ratios have been calculated from present day ®’Sr/*°Sr 
and ®’Rb/®Sr ratios measured on whole-rock powder 
using the average K-Ar age. The results are set out in 
Table 16.1. The geographic distribution of this super- 
unit in Peru is uncertain but probably includes all the 
diorites along the coastal belt from which the samples 
were collected and might include all the diorites 
originally mapped as Ilo which cut the ‘Chocolate 
Volcanics’ of Lower Jurassic age (Jenks, 1948). Other 
diorites mapped as Ilo intrude Cretaceous sediments 


Table 16.1 Punta Coles Super-unit 


K-Ar data 
a  —— 
Sample K 40Ar radiogenic 

number Mineral (2%) (%) (nl/g) Age + 2c, Ma 
16 Hornblende 0.272 60.1 2.021 182 +4 

17 Hornblende 0.472 The 3.792 196 + 4 
nn 
Rb-Sr Data 
ne 
Sample Rb Sr 

number (ppm) B7Rb/PMSr 87Sr/8Sr 7S r/*Sr, 
16 45 279 0.4698 0.70577 0.70455 
17 14 379 0.1054 0.70550 0.70522 


(see Garcia, 1968) and have probably been correctly 
assigned in the field to this super-unit. 

These ages averaging about 190 Ma fit very well with 
similar Jurassic ages in the range 230-170 Ma de- 
termined for intrusions of the Coastal Range, Chile 
(summarized in Aguirre, 1983). The range of initial 
87Sr/®°Sr ratios is probably significant and these data 
have not been averaged. 


The Ilo Super-unit 


The rock units which may be assigned with certainty 
to the Ilo Super-unit consist mainly of tonalites. Seven 
samples have been analysed for Rb/Sr and 87Sr/®°Sr 
and the data are set out in Table 16.2. These data 
define a very scattered Rb-Sr whole-rock isochron 
giving an age of 112 + 32 Ma with an MSWD of 21.5 
which indicates that the points do not fit a straight line 
within analytical errors. The error quoted with this age 
has been multiplied by / (MSWD) to incorporate 
‘geological scatter’ as well as analytical uncertainty. 
Nevertheless the resulting error is so large that no 
significance can be attached to this Rb-Sr whole-rock 
errorchron. K-Ar ages for hornblende and_ biotite 
separates obtained from these samples are also set out in 
Table 16.2. There is no significant difference between 
the mean biotite age, 103 + 4 Ma, and the mean 
hornblende age, 104 + 8 Ma, although the range of ages 
for concordant biotite-hornblende pairs is significant 
from about 111 Ma for sample number 14 to about 
99 Ma for sample number 18. This probably indicates a 
small range of ages of intrusion for the different plutons 
sampled within the Ho Super-unit. The mean of all 
these K-Ar ages which is 103 + 6 Ma (2 x standard 
error) may be adopted as an average age for the Ilo 
Super-unit, although there is clearly a small range of 
ages of intrusion as noted above. Initial 87Sr/®°Sr ratios 
have been calculated for each sample using the mea- 
sured ®7Rb/®°Sr and ®’Sr/®°Sr ratios and the individual 
K-Ar ages. 

Because we are dealing with a number of different 
plutons of the Ilo Super-unit we have not averaged the 
initial 87Sr/®°Sr values. It is concluded from the data at 
present available that the Ho Super-unit is character- 
ized by a significant range of initial *’Sr/*°Sr ratios 
from 0.70426 to 0.70496. 
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Table 16.2 
K-Ar data 


Ilo Super-unit 


Ss 


Sample K *°Ar radiogenic 

number Mineral (%) (3) (nl/g) Age + 2c, Ma 

10 Biotite 6.287 73.1 26.56 106+2 

11 Biotite 6.800 94.4 27-13 100 + 2 

12 Biotite 7.093 89.9 29.20 103 +2 

1 Biotite 3.955 76.4 15.70 99 +2 

14 Biotite 3.695 71.4 16.19 109 +2 

14 Hornblende 0.686 Alle 3.108 113 +3 
15 Biotite 6.087 88.5 25.23 10442 

15 Hornblende 0.935 78.9 3.704 99 + } 
18 Biotite 4.467 49.1 17.30 97+2 

18 Hornblende 0.723 67.1 2.903 100 + 2} 


Rb-Sr data 
OOS 
Rb Sr 

Sample number (ppm) ®7Rb/*6Sr §7Sr/6Sr 87Sr/**Sr, 
10 43 454 0.272 0.70490 0.70449 
11 57 410 0.404 0.70551 0.70494 
12 62 342 0.524 0.70560 0.70483 
13 71 99 2.065 0.70786 0.70496 
14 89 394 0.657 0.70532 0.70428 
15 76 432 0.507 0.70499 0.70426 
18 63 422 0.432 0.70501 0.70440 


eS 


The Yarabamba and Linga Super-units 


The geochronological data necessitates re-assigning 
part of the batholith originally mapped as belonging 
to the Linga Super-unit near Cerro Verde to a new 
super-unit, Linga-Arequipa, which is about the same 
age as the Yarabamba. The part of the batholith which 
must be re-assigned to the Linga-Arequipa Super-unit 
includes the section in Quebrada Linga where the 
Linga Super-unit was first defined (Stewart, 1968). In 
order to minimize confusion in the terminology for the 
Coastal Batholith it is essential to redefine the type area 
for the Linga Super-unit as the Ica Valley much further 
north (Figure 16.1). 

Sixteen samples of the Yarabamba Super-unit col- 
lected around Toquepala have been analysed for 
*7Rb/Sr and 87Sr/®Sr. The data are set out in 
Table 16.3 and plotted in Figure 16.2. The data in 


Table 16.3 Yarabamba Super-unit: Toquepala area 


Rb-Sr data 
a 
Sample Rb Sr 
number (ppm) 7 Rb/*Sr 87Sr/*6Sr 
29 158 310 1.476 0.70600 
30 88 408 0.622 0.70486 
31 142 284 1.450 0.70584 
32 148 324 1.317 0.70556 
33 109 498 0.630 0.70508 
34 118 443 0.772 0.70510 
35 71 543, 0.377 0.70491 
36 104 500 0.604 0.70494 
B37 96 450 0.617 0.70496 
38 73 520 0.408 0.70475 
39 208 238 2.528 0.70652 
265 172 340 1.448 0.70583 
285 123 367 0.970 0.70521 
291 200 263 2.181 0.70634 
292 221 247 2.576 0.70672 
293 89 478 0.535 0.70506 
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Table 16.3 define a statistically acceptable sixteen- 
point Rb-Sr whole-rock isochron giving an age of 61 + 
4 Ma with an initial ®7Sr/®°Sr ratio of 0.70449 + 7 with 
an MSWD of 2.6. 

Eight samples of the plutonic rocks formerly mapped 
as belonging to the Linga Super-unit from the sections 
west of Cerro Verde have been analysed for ®’Rb/®°Sr 
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Table 16.4 Linga-Arequipa Super-unit, Yarabamba Super-unit and Calderas unit: Cerro 


Verde area 
Rb-Sr data 
a 
Sample Rb Sr 
number (ppm) s7Rb/PsSr — ®7Sr/8Sr 87Sr/Sr, 
7.90 255 275 2.677 0.70768 
7.92 299 162 5.323 0.71017 
7.93 286 233 3.533 0.70841 Linga-Arequipa 
6 165 334 1.433 0.70667 formerly mapped 
7 121 432 0.809 0.70603 as Linga. 
8 168 353 1.372 0.70655 
9 160 364 1.276 0.70646 
B21 259 219 3.420 0.70841 
40 122 397 0.887 0.70616 
42 97 457 0.617 0.70586 
43 91 435 0.604 0.70591 Yarabamba 
47 163 357 1.316 0.70676 
48 135 395 0.987 0.70637 
1 78 439 0.515 0.70607 0.70562 
2 68 478 0.417 0.70593 0.70556 
3 48 538 0.257 0.70567 0.70544 ( Calderas 
4 90 408 0.637 0.70620 0.70564 
5 52 535 0.283 0.70604 0.70579 
mean 0.70561 °+ 12 
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and ®7Sr/®Sr. The results are set out in Table 16.4. 
Although not many samples have been analysed, the 
Rb-Sr data fit a straight line within analytical error 
giving an age of 64 + 3 Ma with an initial ®’Sr/*°Sr ratio 
of 0.70531 + 10 and an MSWD of 0.6. These results are 
substantiated by the results of analyses of fourteen 
samples of the same suite of rocks by Le Bel e¢ al. (in 
press) which yield an age of 68 + 3 Ma with an initial 
87Sr/®Sr ratio of 0.70516 +8 and MSWD of 0.41. 
These early Tertiary ages are consistent and convincing 
and we suggest here that these intrusions cannot be 
correlated with those assigned to the Linga Super-unit 
farther north where, as will be demonstrated below, 
equally consistent and convincing radiometric ages 
have been obtained averaging about 100 Ma. 

An alternative interpretation which has previously 
been favoured by one of us (Sanchez, 1983) is that the 
Linga-Arequipa could be the same as the Linga-Ica but 
that in southern Peru the Rb-Sr systematics have been 
reset by the porphyry copper intrusions. We reject this 
interpretation here because: (1) many of the analysed 
samples were collected several kilometres distant from 
the nearest porphyry copper intrusion, and (2) the 
relatively high ®7Sr/®°Sr ratio of the Linga-Arequipa 
(0.70538 + 7) falls on the mantle array in the eNd v. eSr 
diagram. 

There is a distinct difference between the initial 
87Sr/®5Sr ratios of the rocks comprising the Yarabamba 
Super-unit in the Toquepala area, 0.70449 + 7, and the 
rocks assigned to the Linga Super-unit, which have an 
initial ®7Sr/®Sr ratio of 0.70531 + 10. Note that the 
initial ®7Sr/®°Sr ratios determined by the present au- 
thors and by Le Bel e¢ al. (in press) are not significantly 
different. Nevertheless the average values differ by 
0.00015 which is in the same order of magnitude as the 
errors we quote on many of the initial ®’Sr/®°Sr ratios 
reported here. This difference is due partly to labo- 
ratory biases (there is a difference of 0.00007 in the 
average value for the NBS 987 reported by the two 


laboratories), but also to a difference in sampling 
philosophy. Le Bel ef al. include data for gabbro 
samples in their Rb-Sr whole rock isochron. However 
because the range of initial ®’Sr/*°Sr ratios for all the 
rocks forming the Peruvian Coastal Batholith, as de- 
scribed in this chapter, spans only about 0.00150, Rb-Sr 
data for any of the gabbros could well plot on any of the 
Rb-Sr whole-rock isochrons. For this reason we prefer 
not to include data for gabbros in the regressions used to 
derive Rb-Sr WRI ages. 

Five samples collected from the outcrop of the Yara- 
bamba Super-unit near Cerro Verde (sample numbers 
40, 42, 43, 47, 48) have also been analysed for 
87Rb/®5Sr and ®7Sr/®Sr (Table 16.4). These data do not 
define a precise Rb-Sr WRI age on their own but when 
regressed together with the data for the eight samples of 
Linga-Arequipa they give an Rb-Sr WRI age of 62 + 
2 Ma with an initial ®’Sr/®*Sr ratio of 0.70538 + 7, and 
an MSWD of 1.7. This is a reasonably convincing 
demonstration that the rocks collected from both the 
Yarabamba of the Cerro Verde area and the Linga- 
Arequipa are indeed cogenetic and contemporaneous. 
This age is supported by a U-Pb zircon age of 67+ | 
Ma reported by Mukasa and Tilton elsewhere in this 
volume for the Yarabamba of the Cerro Verde area. 
The Yarabamba from the Cerro Verde area and the 
Yarabamba from the Toquepala area are not petrog- 
raphically identical although they are very similar. 
Both the Linga-Arequipa and the Yarabamba of the 
Cerro Verde area are characterized by the sporadic 
presence of elongate, nearly euhedral, hornblende 
crystals which is not a feature of the petrography of the 
Yarabamba from the Toquepala area, where the 
hornblende crystals are poorly defined. The high initial 
87Sr/86Sr ratio (0.70538 + 7) for the Linga-Arequipa 
Super-unit plus Yarabamba (Cerro Verde area) re- 
lative to that for the Yarabamba of the Toquepala area 
(0.70449 + 7) does not reflect crustal contamination 
during magma ascent because Le Bel e¢ al. (in press) 
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have shown that the initial '8Nd/!*Nd and initial 
87Sr/*°Sr data fall on the mantle array in the eNd v. ¢Sr 
diagram. Thus the Yarabamba as presently mapped as 
a super-unit has originated from at least two mantle 
sources with distinct geochemical histories. 

Five samples from one of the Calderas plutons in the 
Cerro Verde area have been analysed for ®” Rb/®°Sr and 
*’Sr/°°Sr (Table 16.4). This pluton appears to cut the 
Linga-Arequipa but the Rb-Sr data do not define a 
meaningful isochron. Regressing these data together 
with the data for the thirteen samples of Linga- 
Arequipa and Yarabamba produces an unacceptable 
scatter in the Rb-Sr isochron systematics with an 
MSWD of about 4. The rocks of this pluton cannot, 
therefore, be regarded as cogenetic and contempo- 
raneous with the host rocks of the Linga-Arequipa 
Super-unit. Initial ®’Sr/**Sr ratios have been calculated 
for individual samples using the measured Rb/Sr ratios 
and assuming an age of 62Ma. Since this is probably the 
age of part of the country rock rather than the Calderas 
pluton itself this assumed age is obviously a maximum 
and the average calculated initial ®’Sr/®°Sr ratio of 
0.70561 + 12 (2 x standard error) is most likely to be a 
minimum value. The Calderas pluton and other 
plutons of similar lithology in the Arequipa region are 
shown on the map as ‘Linga Yauca Type’ because of 
their petrographic similarity to the Yauca pluton which 
is now known to be about 100 Ma old. The Calderas 
data do not plot on the Linga Yauca isochron. 


The dacite porphyries 


Finally in our studies in the Toquepala segment ten 
samples of dacite porphyry intrusions associated with 
the major copper porphyry ore body at Toquepala 
itself have been analysed for ®” Rb/**Sr and ®’Sr/®°Sr. The 
results are set out in Table 16.5 and plotted in Figure 
16.3. Half of the analysed samples were collected from a 
dacite porphyry pre-dating the major mineralization, 
the other half were collected from a dacite porphyry 
agglomerate body post-dating mineralization. The Rb- 
Sr data define an excellent whole-rock isochron giving 
an age of 57 + 5 Ma with an initial ®’Sr/®°Sr ratio of 
0.70442 + 9 and an MSWD of 1.5. This age is regarded 
as dating both the dacite intrusions and the minerali- 
zation. This age is concordant with K-Ar ages of 57.2 + 
1.9 determined for a Toquepala granodiorite by 
McBride (1977) and 58.7 + 1.8 Ma determined by 


Table 16.5 Toquepala dacite porphyry 


Laughlin ef al. (1968) for biotite from a diorite in- 
trusion pre-dating the dacite porphyry associated with 
the mineralization. Similar K-Ar ages have been pro- 
duced for other major porphyry-copper ore bodies in 
southern Peru, e.g. Quellaveco (54-58 Ma; Kihien, 
1979) and Cerro Verde (58.3 + 2.3 Ma, Estrada, 1978). 
Zircon separates from the porphyry intrusion at Cerro 
Verde have given concordant U-Pb ages averaging 
about 60 Ma (Mukasa and Tilton, this volume). 


The Toquepala segment: a summary 


In summary the magmatism which built up the 
Toquepala segment of the Peruvian Coastal Batholith 
was distinctly episodic. Major intrusive events occurred 
at: 

(1) about 190Ma (Punta Coles, initial 87Sr/®6Sr 
0.70455-0.70522) ; 

(2) about 111-99 Ma (Ilo, initial ®7Sr/**Sr 0.70426- 
0.70496) ; 

(3) 62+2Ma (Linga-Arequipa and ‘Yarabamba’ 
of Cerro Verde area, initial 87Sr/®°Sr 0.70538 + 7); 

(4) 61+4Ma (Yarabamba from the Toquepala 
area, initial *’Sr/*°Sr 0.70449 + 7); 

(5) 57+5Ma (porphyry intrusions as represented 
by ‘Toquepala, initial ®’Sr/*°Sr 0.70442 + 9). 


The considerable range of initial 87Sr/®6Sr ratios in 
this segment is noteworthy and will be discussed in more 
detail later. 


The Arequipa segment 


Five super-units have been identified by field map- 
ping in the Arequipa segment. In chronological order 
these are: (1) the early gabbros; (2) the Linga Super- 
unit; (3) the Pampahuasi Super-unit; (4) the Incahuasi 
Super-unit and (5) the Tiabaya Super-unit. In addition 
there are a number of units such as Catahuasi whose 
relative age was unknown. No geochronological data 
are yet available for the early gabbros of the Arequipa 
segment, although some initial ®’Sr/®°Sr data will be 
discussed below. 


The Linga-Ica Super-unit 


In discussing the Linga of the Arequipa segment it is 
convenient to start in the Ica valley. Ten samples of 


Rb-Sr data 

-_oOO SSS 
Sample Rb Sr 

number ppm “Rb/*®Sr 87Sr/°Sr 

19 69 280 0.722 0.70492 

20 51 415 0.355 0.70463 

21 82 365 0.653 0.70507 Pre-mineralization 
22 55 462 0.346 0.70469 

23 146 256 1.648 0.70590 

24 93 232 1.158 0.70532 

25 91 175 1.502 0.70565 

26 96 178 1.562 0.70568 Post-mineralization 
27 114 125 2.647 0.70649 

28 94 240 1.134 0.70539 
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Table 16.6 Arequipa segment: Linga Super-unit 
(1) Ica valley 


—_ EEE 


Rb-Sr data 
LSS 
Sample Rb Sr 
number (ppm) ®87Rb/*Sr 87Sy/eSr 
76 121 96 3.623 0.70913 
1? 133 168 2.295 0.70736 
78 199 145 3.984 0.70976 
79 pie] 286 0.758 0.70532 
80 103 290 1,026 0.70568 
81 188 193 2.822 0.70802 
82 137 225 1.766 0.70675 
96 132 274 1.391 0.70607 
97 236 157 4.349 0.71022 
98 192 211 2.643 0.70792 
K-Ar data 
Sample K Ar radiogenic 
number Mineral (Hy) CS) (nl/g) Age + 2c, Ma 
21 Hornblende 1.430 5.540 9743 
Biotite 5.474 20.942 96+3 Ku. *Ar 
rad 
22 Hornblende 1.065 4.007 94+3  isochron 
Biotite 7.174 27.777 97+3 97+3Ma 
(2) Yauca valley 
Rb-Sr data 
—————— 
Sample Rb Sr 
number (ppm) 87 Rb/*Sr 87Sr/8Sr 
67 169 388 1.258 0.70639 
68 251 260 2.790 0.70843 
69 164 378 1.257 0.70639 
70 143 377 1.096 0.70611 
71 100 472 0.615 0.70569 
72 114 448 0.734 0.70600 
73 99 542 0.526 0.70518 
74 158 360 1.270 0.70638 
75 134 472 0.820 0.70574 
enn ene ee ee 
(3) Prsco valley 
Rb-Sr data 
a ee 
Sample Rb Sr 
poate ad (pr) 87Rb/Sr — 87Sr/®Sr 87S r/8Sr, 
7.42 64 450 0.413 0.70430 0.70374 
7.43 112 426 0.758 0.70508 0.70405 
7.44 96 243 1.150 0.70583 0.70426 
7.78 79 394 0.581 0.70463 0.70384 
99 16 585 0.079 0.70362 0.70351 
100 33 657 0.146 0.70391 0.70371 
101 31 760 0.117 0.70362 0.70346 
102 20 675 0.086 0.70381 0.70369 
103 35 635 0.158 0.70395 0.70373 
104 54 528 0.296 0.70401 0.70361 
105 95 763 0.095 0.70371 0.70358 
106 69 543 0.369 0.70438 0.70388 


Linga from the Ica section have been analysed for 
87Rb/®*Sr and ®7Sr/®°Sr. The results are set out in Table 
16.6 and plotted in Figure 16.3. These data define an 
excellent Rb-Sr whole rock isochron giving an age of 
96 + 3 Ma with an initial ratio of 0.70426 + 10 and an 
MSWD of 0.9. K-Ar ages for hornblende and biotite 
separates (Table 16.6; Moore, 1984) from samples of 
the same plutons are concordant both with each other 
and with the Rb-Sr WRI age. Least squares regression 


Linga (Ica) 


0.710 


0.708 bE” 
as 
ae 
0.706 per 
A '” Intercept=0.70426+0.00010 (2-sigma) 
: MSWD=0.9 87 /88 


Age=96£3Ma (2-sigma) Rb/ Sr 


0.704 


Linga (Yauca) 


ae 


i Intercept=0.7045640.00012 (2-sigma) 
MSWD=1.0 87 86 
Age=99+6Ma (2-sigma) Rbs sr 


6 
Sr/ Sr 


Linga (Pisco) 


MSWD=1.8 
Age=1404#9Ma (2-sigma) 
— 


Figure 16.3 


of the K versus radiogenic *°Ar data as an isochron plot 
has been used to average the data, and yields an age of 
97 + 3 Ma with an intercept which is not significantly 
different from the origin and an MSWD of 0.6. These 
results are clearly consistent and convincing evidence 
that the Linga of the Ica valley was intruded at 96 + 

3 Ma. It is very important to note that the samples 
defining the Rb-Sr whole rock isochron were taken from 
three separate intrusions. These isotopic data de- 
monstrate that the basic to acid rhythmic sequence 
which constitutes this section through the Linga Super- 
unit are cogenetic intrusions which were also con- 
temporaneous within the limits of error of the present 
Rb-Sr and K-Ar methods. The concordance of the ages 
determined using these different radiometric methods is 
a convincing demonstration that, at least in certain 
cases, regressing together Rb-Sr data for different 
plutonic components of a super-unit is a valid method of 
deriving a Rb-Sr WRI age. The Rb-Sr WRI age for 
the Linga Super-unit in the Ica valley is particular- 
ly satisfactory because of the even distribution of 
precisely co-linear data over what is for Andean I-type 
plutonic rocks a considerable range of ®’Rb/*°Sr ratios 
from about | to 4. Goncordant U-Pb data for a zircon 
separate from the same Linga units farther north in the 
Pisco valley give an age of about 101 Ma as discussed 

below. 

Turning next to the Yauca valley, farther south, nine 
samples of the Linga Super-unit have been analysed for 
87Rb/®*Sr and ®7Sr/*°Sr (Table 16.6 and Figure 16.3). 
These data give an unacceptable scatter about a 
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straight line with an MSWD of 5.3. The age and initial 
87Sr/®6Sr ratio given by this errorchron are 93 + 12 Ma 
and 0.70473 + 23 where the 2o errors have been 
multiplied by /(MSWD). Sanchez (1982) reported 
this result but omitted the data for two samples which 
improves the fit of the points to a straight line and gives 
an age of 99 + 6 Mawithan initial ratio of 0.70456 + 12 
and an MSWD of 1.0. Despite the problem of obtaining 
a statistically acceptable isochron without unjustified 
selection of the data the general concordance of these 
ages for plutonic rocks from the Ica and Yauca sections 
in the Linga Super-unit about 500 km apart is a good 
indication of the general validity of the Super-unit 
concept. 

Twelve samples of the Linga Super-unit collected in 
the Pisco valley have been analysed for *’Rb/**Sr and 
87Sr/®°Sr (Table 16.6, Figure 16.3). These data define a 
statistically acceptable Rb-Sr whole-rock isochron giv- 
ing an age of 140 + 9 Ma with an initial ®7Sr/*°Sr ratio 
of 0.70353 + 6 and an MSWD of 1.8. This age cannot 
be accepted as real because the plutonic rocks of this 
part of the batholith can be seen to cut sediments of the 
Santa Catalina and Pamplona Formations which have 
been assigned to the Albian stage (Bellido, 1969; 
Ruegg, 1956). The relationship which exists between 
the radiometric ages presented here and stratigraphic 
time is discussed in more detail below but at this point it 
may be noted that the base of the Albian stage is dated 
at 107 + 1 Ma (Odin, 1982). 

The Rb-Sr data for the Linga from the Pisco valley 
must, therefore, be interpreted as a ‘pseudoisochron’. 
The unique ‘initial’ ®’Sr/*°Sr ratio derived from this 
pseudoisochron is clearly spurious, and individual initial 
®7Sr/85Sr ratios, set out in Table 16.6, have been 
calculated for each sample using the measured 
87Rb/**Sr ratios and the Linga-Ica age of 96 Ma. The 
basic end of the spectrum of compositions present in the 
Linga Super-unit in the Pisco valley (i.e. the samples 
with low Rb/Sr ratios) were obviously derived from a 
source region depleted in LIL elements relative to their 
abundance in the source region of the normal (c. 96 Ma) 
Linga. The Linga from the Ica and Yauca valleys has 
initial ®7Sr/*°Sr ratios in the range 0.70426 + 10 to 
0.70456 + 12 whereas many of the basic samples from 
the Pisco valley have initial ®’Sr/**Sr ratios close to 
0.70360. However, the sample from the Pisco valley 
with the highest Rb/Sr ratio, number 7.44, does fall on 
the isochron for the Linga of the Ica valley. The slope 
of the Linga Ica isochron is 0.001365 and at an *’Rb/*°Sr 
ratio of 1.15, measured in sample 7.44, the present-day 
87Sr/85Sr ratio of a point on the line should be 
0.70426 + (0.001365 x 1.150) = 0.70583. This is pre- 
cisely the value measured for this sample. Thus we 
suggest that the Rb-Sr data for the Linga in the Pisco 
valley can be interpreted as an example of mixing of two 
end members. One of these end members may possess 
the particular ®’ Rb/**°Sr and ®’Sr/*°Sr values character- 
istic of one of the normal Linga magmas of the Ica 
valley. The other end member is more basic with an 
87Rb/*Sr ratio less than about 0.1 and a contempo- 
raneous ®7Sr/®°Sr of about 0.7036. A critical aspect of 
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Figure 16.4 Schematic illustration of the origin of pseudoisochron 
systematics in the Linga-Pisco. 


this model is that we suggest that sample 7.44 may be 
the most radiogenic rock in the Pisco section since 
Linga-Ica samples with higher *’Rb/**Sr than sample 
7.44 obviously could not plot on the Pisco pseudo- 
isochron presented here. The situation envisaged is 
illustrated in Rb-Sr isochron diagrams in Figure 16.4. 
The normal (c. 96 Ma) Linga end member was pro- 
bably one of the early magmas, possessing rather a low 
Rb/Sr ratio, in existence at 96 Ma, but the basic end 
member might have been an existing gabbro with, 
naturally, a very small range of Rb/Sr ratios in a semi- 
solid or solid state. 

In any case the existence of a pseudoisochron re- 
lationship in the Rb-Sr data for the Linga of the Pisco 
valley and thus the presence in these rocks of a range of 
initial ®’Sr/®6Sr ratios is convincing evidence for the 
operation of a process of mixing. The general impor- 
tance of magma mixing in the Peruvian Coastal 
Batholith ‘as one of the factors responsible for the 
diversity of igneous rock compositions is discussed 
elsewhere in this volume. It seems unlikely that any 
process of selective contamination of a magma with 
crustal strontium would produce such a precisely linear 
pseudoisochron since the normal symptom of such 
contamination is a hyperbolic relationship. 


The Quilmana pluton 


This large pluton crops out on the coast, well to the 
west of the main batholithic lineament. It is clearly 
intrusive into Cretaceous strata assigned to the 
Valanginian— Aptian interval. The Rb-Sr data for the 
Quilmana pluton (see Table 16.12) have been discussed 
previously by Sanchez-Fernandez (1982) and define a 
WRI age of 134 + 23Ma with an initial ®’Sr/*°Sr of 
0.70407 + 20 and an MSWD of 0.6. One sample, 
number 119, falls well off this isochron and has been 
excluded from the regression. This age determination is 
not very precise but it may be acceptable since it 
overlaps, within errors, the time interval from the base 
of the Valanginian at about 125 Ma to the top of the 
Aptian at about 107 Ma (Odin, 1982). The Quilmana 
pluton also cuts volcanic rocks correlated with the 
Casma Group of Albian age. These volcanic rocks 
overlie the Imperial Limestone of Aptian age but the 
general paucity of fossils may make the correlation with 
the Casma Group less than certain. The Rb-Sr data for 
the Quilmana pluton could be interpreted in terms of 
pseudoisochron systematics similar to the Linga-Pisco. 
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Although it is shown on the accompanying maps as 
belonging to the Linga Super-unit the Quilmana 
pluton is petrographically rather different from the 
Linga of the Ica-Pisco region. Clearly more data are 
needed to resolve both the full complexity of the Rb-Sr 
systematics and the age of the Quilmana pluton. At this 
stage no significance is attached to the ‘initial’ ratio of 
0.70407 + 20. 


The Pampahuasi Super-unit 


Seven samples of the Pampahuasi Super-unit from 
the Ica valley have been analysed for ®*’Rb/**Sr and 
87Sr/®6Sr, The results are set out in Table 16.7. These 
samples exhibit a very restricted range of Rb/Sr ratios, 


Table 16.7. Arequipa segment: Pampahuasi Super-unit, Ica 
Valley 


Rb-Sr data 

Sample Rb Sr 7 RbPMSr PRb/Sr 87S r/%Sr 
number (ppm) 

Pll 75 452 0.4836 0.70511 0.70446 
P12 27 581 0.1328 0.70483 0.70465 
Pl4 25 579 0.1244 0.70526 0.70509 
P15 94 362 0.7493 0.70542 0.70442 
P16(GWPT) i) 737 0.0210 0.70519 0.70516 
P17 35 468 0.2179 0.70481 0.70452 
P18 4 499 0.0256 0.70512 0.70509 
+ T=94 Ma. 


Table 16.8 Arequipa segment: Pampahuasi Super-unit 


Ica-Pisco area 
K-Ar data 


a 


Sample K 49AR_ radiogenic 

number Mineral () -(%) (nl/g) Age + 2c, Ma 

ND 13 Hornblende _0.669 2.264 8543 
Biotite 7.066 23.013 82:43 

ND 15 Hornblende 0.685 2.542 93:4 3 
Biotite 7.214 26.232 9143 

ND 20 Hornblende 0.563 2.155 96 + 4 
Biotite 7.259 23.883 83 +3 


and do not define a Rb-Sr whole rock isochron. Mukasa 
and Tilton (this volume) report concordant U-Pb data 
for a zircon separate from the Pampahuasi Super-unit 
giving an age of about 94 Ma. Initial *’Sr/*°Sr ratios 
calculated using this age and the measured Rb/Sr ratios 
are listed in Table 16.7. The range of initial ®7Sr/*°Sr 
values from 0.70442 to 0.70516 is significant and, as for 
the Linga from the Pisco valley, a petrogenesis which 
involves mixing or isotopic contamination is indicated. 

K-Ar age determinations (Moore, 1984) for the 
Pampahuasi Super-unit of the Ica-Pisco area are listed in 
Table 16.8 and exhibit a considerable range of values 
from 96 + 4Ma for a hornblende separate to 82 + 3Ma 
for a biotite separate. The concordant U-Pb data for a 
zircon separate giving an age of about 94 Ma (Mukasa 
and Tilton, this volume) for a sample of the same super- 
unit permits an unambiguous interpretation of these K- 
Ar data. The oldest values, 96 + 4 Ma for a hornblende 
separate, and ages averaging 92 Ma for the concordant 
biotite-hornblende pair (sample ND 15) are identifi- 
able as approximating to the age of intrusion of the 
Pampahuasi Super-unit. The remaining ages down to 
82 + 3Ma may be interpreted as reflecting resetting of 
the K-Ar radiometric clock in these samples by a later 
intrusive event. In this vicinity the most suitable event 
to be responsible for the resetting is the intrusion of the 
Incahuasi Super-unit, as discussed below, dated at 
about 80 Ma. 

Complete resetting of both hornblende and biotite to 
anew concordant age value, as in the case of sample ND 
13, implies attainment of high temperatures during the 
resetting event. Depending upon the composition of the 
amphibole the temperature required for fairly complete 
outgassing might be as high as 450° C. 


The Incahuasi Super-unit 


Three suites of samples of Incahuasi have been 
analysed for ®7Rb/**Sr and ®’Sr/*Sr, as set out in Table 
16.9. Six samples were collected from Quebrada 
Gramadal and other localities in southern Peru near 
Arequipa. In the field these samples were described as 
very altered and they contain abundant epidote visible 
in hand specimen. The Rb-Sr data for these samples 
exhibit a very restricted range of ®7Rb/**Sr ratios and 
plot as a scatter in an isochron diagram. These rocks are 
characterized by a range of ‘initial’ ®’Sr/®*°Sr ratios 
whatever age is assumed for them. Since the range of 
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Table 16.9 Arequipa segment: Incahuasi Super-unit 


(1) Rb-Sr data, Quebrada Gramadal and vicinity 


Sample Rb Sr 
number (ppm) 87Rb/*6Sr 87$rP*Sr 87Sr/*8Sr, (78 Ma) 
61 35 304 0.334 0.70728 0.70691 
62 45 236 0.557 0.70767 0.70705 
63 40 228 0.511 0.70846 0.70789 
64 50 238 0.615 0.70888 0.70820 
65 53 429 0.359 0.70880 0.70840 
66 51 433 0.339 0.70868 0.70830 
(2) Rb-Sr data, Cafiete valley 
Sample Rb Sr 
number (ppm) 2 Rb/PPSr 87Sr/°Sr 
107 65 813 0.232 0.70443 
109 112 553 0.586 0.70496 
110 65 805 0.232 0.70442 
111 85 823 0.298 0.70461 91+ 18Ma 
112 61 891 0.198 0.70438 MSWD 0.42 
Lis 128 532 0.699 0.70501 
114 121 530 0.658 0.70499 
115 105 614 0.495 0.70478 
78 + 1Ma 
(3) Rb-Sr data, Ica-Pisco area MSWD 1.8 
Sample Rb Sr 
number (ppm) 87Rb/*6Sr 87Sr/®Sr 
Il 80 536 0.430 0.70479 
12 110 542 0.587 0.70493 
13 172 452 1.098 0.70564 78 +2Ma 
14 101 164 1.775 0.70603 MSWD 3.7 
15 278 113 7.133 0.71225 
16 219 46 13.726 0.71938 
(4) K-Ar data, Ica-Pisco area 
Sample K *Ar radiogenic 
number Mineral (%) (%) (nl/g) Age + 2c, Ma 
ND4 Biotite 6.310 19.978 8043 
Hornblende 0.389 1.279 83+ 3 
ND7 Biotite 6.752 21.725 81+3 Kv. *Ar rad 
ND5 Biotite 6.482 21.538 84+ 3  isochron 
Hornblende 0.414 1.332 814+3 8254+1.4Ma 
ND11 Biotite 6.474 21.525 84+3 MSWD 1.35 
Hornblende 0.462 1513 82+3 
ND12 Biotite 6.950 23.366 8443 
Hornblende 0.590 1.940 8343 


‘initial’ ®’Sr/®°Sr ratios is probably attributable to the 
alteration and the age of the alteration is unknown, it is 
not possible to calculate initial ®’Sr/®°Sr ratios un- 
ambiguously. The age of intrusion of the Incahuasi 
Super-unit elsewhere has been established by the Rb-Sr 
WRI method at 78 + 1 Ma. The initial ®’Sr/*°Sr ratios 
for the Quedbrada Gramadal suite have been calcu- 
lated using this age and the measured ®’Rb/**Sr ratios. 
This age is arguably a maximum value and the 
calculated initial ®’Sr/*°Sr ratios should probably be 
regarded as minimum values. The rocks constituting 
the batholiths of Peru are characterized by relatively 
unradiogenic strontium isotope compositions with in- 
itial ®’Sr/®°Sr values above 0.7055 being uncommon. 
The Incahuasi of Quebrada Gramadal and _there- 
abouts clearly incorporates a radiogenic strontium 
component with a relatively high contemporaneous 
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87Sr/®°Sr ratio, above c. 0.708. The most obvious source 
of such radiogenic strontium is the local continental 
crust. 

Rb-Sr data for eight samples of the Incahuasi Super- 
unit collected from the Rio Cafiete area (Table 16.9) 
define a very imprecise Rb-Sr whole rock isochron 
giving an age of 91 + 18 Ma with an initial ®’Sr/*°Sr 
ratio of 0.70415 + 12 and an MSWD of 0.42. Since, 
within error limits, these data permit the date of 
emplacement to range from 73 to 109 ma this age is not 
very useful. Rb-Sr data for seven samples from the Ica- 
Pisco region (Table 16.9) regressed alone define a more 
precise Rb-Sr WRI age of 78 + 2 Ma with an initial 
ratio of 0.704294 15 and an unacceptably high 
MSWD of 3.17. The quoted 2c errors have been multi- 
plied by J (MSWD) to allow for geological scatter 
as well as analytical uncertainty. Regressing together 


Table 16.10 Arequipa segment: Tiabaya Super-unit 
(1) Rb-Sr data, Rio Chaparra 


Sample Rb Sr 

number (ppm) 87Rb/*Sr 87Sr/86Sr 87Sr/®Sr, (78 Ma) 
49 98 235 1.211 0.70691 0.70557 

50 104 480 0.628 0.70596 0.70526 

51 21 787 0.079 0.70470 0.70461 

52 153 229 1.931 0.70973 0.70759 

53 51 629 0.231 0.70540 0.70522 

54 86 307 0.809 0.70862 0.70772 

55 101 399 0.735 0.70701 0.70620 

56 73 252 0.838 0.70762 0.70669 

57 144 232 1.790 0.70960 0.70762 

58 170 189 2.610 0.71092 0.70803 
i 
(2) Rb-Sr data, Rio Ica 

i Se 

Sample Rb Sr 

number (ppm) s7Rb/*Sr 87Sr/*6Sr 

83 46 741 0.178 0.70447 

86 36 791 0.131 0.70440 

87 63 657 0.275 0.70463 

88 51 723 0.203 0.70444 

89 61 627 0.281 0.70458 

90 90 538 0.487 0.70489 

91 120 513 0.676 0.70504 

92 163 35.7 1.321 0.70579 

93 129 514 0.726 0.70520 

95 45 377 0.345 0.70476 

N2 34 558 0.175 0.70462 

(3) K-Ar data, Rio Ica 
a 
Sample K +0Ar radiogenic 

number Mineral (%) (%) (nl/g) Age + 2c 

ND2 Hornblende 0.311 48 0.999 8144 

ND18 Hornblende 0.431 39 1.315 774+3 Ar vy, 9K 
ND18 Biotite 6.812 90 21.360 79 +3 isochron 
ND8 Hornblende 0.474 62 1.488 79 +3 age 80.5 + 
ND8 Biotite 5.964 93 19.540 8243 1.4 Ma. 
ND19 Hornblende 0.728 70 2.467 85 + 3* 

ND19 Biotite 7.180 90 22.880 80 +3 
nn, med 
*excluded from regression 

(4) Rb-Sr data, Rio San Juan 
SS = 

Sample Rb Sr 

number (ppm) ®7Rb/*Sr 87Sr/8Sr 

34.79 94 575 0.473 0.70492 

37.79 129 417 0.895 0.70539 

39.79 122 458 0.768 0.70515 

40.79 89 565 0.456 0.70470 

41.79 M7 462 0.735 0.70508 

42.79 80 621 0.374 0.70484 

(5) Rb-Sr data, Rio Mala 
nih 

Sample Rb Sr 

number (ppm) ®s7Rb/*Sr 87Sr/*6Sr 

123 92 397 0.667 0.70462 

124 135 357 1.098 0.70521 

125 193 289 1.926 0.70606 

126 172 212 2.347 0.70638 

127 137 423 0.934 0.70506 

128 92 448 0.595 0.70482 

129 64 565 0.327 0.70444 

131 73 967 0.218 0.70463 

132 69 950 0.211 0.70460 

133 81 920 0.252 0.70450 

134 22 385 0.169 0.70448 

135 59 326 0.518 0.70455 

136 98 233 1.214 0.70571 

137 89 365 0.705 0.70471 

138 61 489 0.361 0.70439 
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the data for all fourteen samples of Incahuasi from the 
Rio Canete and Ica-Pisco areas produces a statistically 
acceptable Rb-Sr whole-rock isochron giving an age of 
78 + 1 Ma with an initial ®’Sr/®Sr ratio of 0.70425 + 4 
and an MSWD of 1.76 (2c errors). This result is very 
precise and looks convincing (Figure 16.5) but there are 
difficulties in accepting it. K-Ar age determinations for 
hornblende and biotite separates from the Incahuasi of 
the Ica-Pisco region are presented in Table 16.9. The 
ages for hornblende-biotite pairs are concordant, and 
least-squares regression of K versus *°Ar radiogenic 
contents as a method of averaging the data yields an age 
of 82.54 1.4Ma with an intercept not significantly 
different from zero and an MSWD of 1.35. This average 
K-Ar age is thus significantly older than the Rb-Sr 
WRI age presented above, which is an unusual, 
although not unknown, age pattern. It is not possible 
to decide which of these ages is correct but at this stage 
we will accept the initial ®’Sr/*°Sr ratio as relating to 
the magma despite the uncertainty in the age of em- 
placement in the range 78 + 1 Ma to 82.5 + 1.4 Ma. 


The Tiabaya Super-unit 


Suites of samples collected from four different plutons 
of the Tiabaya have been analysed for ®’Rb/®°Sr and 
87Sr/®’Sr. The results are set out in Table 16.10. In the 
extreme south of the Arequipa segment ten samples of 
Tiabaya mapped in the Chaparra valley yield a 
remarkable scatter in an  isochron diagram 
(Figure 16.6). Whatever age is assumed for these rocks a 
considerable range of initial ®’Sr/®Sr ratios is indicated, 
and in contrast with the situation in the Linga-Pisco, 
discussed above, no correlation between ®’7Rb/®*°Sr and 
87Sr/*Sr is apparent. As discussed below the total 
range of rather imprecise Rb-Sr WRI ages obtained 
for the Tiabaya elsewhere is from 80 + 8 Ma to 66 + 
10Ma. These ages are essentially within error of 
Mukasa and Tilton’s concordant U-Pb age of 78 Ma for 
a zircon separate from the Tiabaya of the Pisco valley 
reported elsewhere in this volume. In the absence of any 
better evidence for the age of the Tiabaya-Chaparra 
initial ®’Sr/*°Sr ratios have been calculated using an 
assumed age of 78 Ma (Table 16.10). These range in 
value from 0.7046 to 0.7080. Such a range of initial 
®’Sr/°°Sr ratios is best interpreted as reflecting con- 
tamination with radiogenic strontium derived from the 
local crustal rocks as discussed above for the Incahuasi of 
Q, Gramadal and vicinity and the Pampahuasi of the Ica 
valley. 

Farther north eleven samples of the Tiabaya Super- 
unit from the Rio Ica give a Rb-Sr WRI age with rather 
large 2c error of 81 + 9 Ma with an initial ®7Sr/®°Sr 
ratio of 0.70430 + 7 and an MSWD of 0.9. Six samples 
of Tiabaya from the Rio San Juan, the next adjacent 
valley to the north, regressed alone give a very imprecise 
Rb-Sr WRI age of 76 + 21 Ma with an initial ®’Sr/®°Sr 
ratio of 0.70435 + 19 and an MSWD of 2.2. Regressing 
both of these data sets together gives an acceptable 
seventeen-point Rb-Sr WRI age of 80 + 8 Ma with an 
initial ®’Sr/®°Sr ratio of 0.70431 + 7 and an MSWD of 
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1.1 (Figure 16.6). K-Ar age determinations for horn- 
blende and biotite separates from samples of Tiabaya 
from the Ica valley give concordant results (except for 
one aberrantly old age for hornblende separate ND 19). 
These concordant ages have been averaged by regress- 
ing *°K versus *?Ar to give a mean K-Ar age of 80.5 + 

1.4 Ma. As noted above Mukasa and Tilton obtained 
concordant U-Pb data for a zircon separate from a 
Tiabaya intrusion in the Pisco valley, giving an age of 
about 78 Ma. All these ages are more or less concordant 
although it is unusual in Peru to find a mean K-Ar age 
older than a U-Pb zircon age. 

The field evidence is that the Tiabaya cuts the 
Incahuasi. As noted earlier the Incahuasi in the Ica 
valley provides an unusual pattern of ages with a mean 
K-Ar of 82.5 + 1.4 Ma rather older than a Rb-Sr WRI 
age for these rocks of 78+ 1 Ma. All in all, certain 
doubts remain as to the best interpretation of these 
radiometric data for the Incahuasi and Tiabaya in the 
Ica-Pisco region, although clearly both super-units 
were closely contemporaneous at about 80 Ma. In view 
of the fact that the very precise Rb-Sr WRI age of 78 + 
1 Ma for the Incahuasi and the U-Pb zircon age from 
the Tiabaya are closely concordant, the possibility 
remains that there is a problem with the K-Ar data. For 
example small levels of excess **Ar might remain 
unresolved. 

Fifteen samples of the Tiabaya super-unit from the 
Rio Mala (Table 16.10, Figure 16.6) define a rather 
scattered Rb-Sr whole rock isochron giving an age of 
66 + 10 Ma with an initial ®’Sr/®°Sr ratio of 0.70422 + 
14 where the 2c errors have been multiplied by 2.35 to 


RB-SR WHOLE-ROCK ISOGHRON AND K-AR AGE DETERMINATIONS 


reduce the computed MSWD from 5.54 to unity. At the 
limit of error this age is roughly concordant with the 
data for the Tiabaya of the Ica-Pisco region. It seems 
equally possible, however, that the 66 + 10 Ma age 
might indicate that the Tiabaya of the Rio Mala was 
intruded later than the Tiabaya of the Ica-Pisco region. 
Clearly in this case more data are needed to resolve this 
problem. 


The Catahuasi Super-unit 


Seven samples from two facies of the Catahuasi 
Super-unit—an early tonalite and a later monzog- 
ranite, collected from the Rio Cafiete—have been 
analysed for ®” Rb/®°Sr and ®’Sr/*°Sr. The results are set 
out in Table 16.11 (Figure 16.5) and define an accept- 
able whole-rock isochron giving an age of 24+ 1Ma 
with an initial ®’Sr/®°Sr of 0.70436 + 8 and an MSWD 
of 2.4. 

The presence of a significantly younger intrusive 
complex lying to the east of the earlier components of 
the batholith fits the eastward younging pattern re- 
cognized in the Toquepala segment. 

Excluding the basic end-member of the Linga-Pisco, 
with an initial ®’Sr/®*Sr of about 0.7036, and where 
there is no evidence of interaction with continental crust 
giving initial ®’Sr/®°Sr ratios up to about 0.708 most of 
the older components of the batholith in the Arequipa 
segment are close to 0.70426. If the Catahuasi with an 
initial ®’Sr/®°Sr ratio of 0.70436 + 8 was derived from a 
source region similer to that which yielded the Linga- 
Ica with an initial ®7Sr/®Sr ratio of 0.70426 + 10 
at 96 Ma, the rate of growth in ®7Sr/**Sr would be 
consistent with an Rb/Sr ratio of about 0.03. There are 
clearly substantial uncertainties in this type of model 


Table 16.11 Catahuasi Super-unit 
Rb-Sr data 


Sample Rb Sr 


number (ppm) S7Rb/*PSr 87S r/*Sr 

245 189 73 7.455 0.70702 

246 101 331 0.892 om Monzogranite 
247 230 160 4.152 0.70585 

249 144 630 0.662 0.70462 

250 177 556 0.923 0.70458 | . 
251 376 = 211_—«5.146 o.mage7 { Tonalite 
252 108 438 0.714 0.70459 

Table 16.12 The Quilmana pluton 

Rb-Sr data 

Sample Rb Sr 

number (ppm) S7Rb/*Sr — ®7Sr/*Sr 
116 64 372 0.498 0.70498 
117 49 353 0.399 0.70485 
118 91 324 0.807 0.70564 
119 76 399 0.550 0.70558* 
120 ays} 457 0.335 0.70475 
121 98 366 0.775 0.70556 
122 87 441 0.572 0.70507 


*excluded from the regression which gives JT = 134 + 23 Ma, 
87Sr/®®Sr O = 0.70407, MSWD = 0.6. 


calculation and even greater precision in the de- 
termination of initial ®’Sr/®*Sr ratios would be desir- 
able. Nevertheless an Rb/Sr ratio of about 0.03 is 
characteristic of typical upper mantle or juvenile 
igneous rocks such as might form an underplated layer 
at the base of the crust. 


The Arequipa segment—a summary 
As in the Toquepala segment, the magmatism which 


built up the Arequipa segment was distinctly episodic. 
Major instrusive events occurred as follows. 


Age 87Sr/*°Sr Locality 
The Linga-Ica 96+3Ma_ 0.70426 + 10 Rio Ica 
Super-unit 
99+6Ma _ 0.70456 + 12 Rio Yauca 
2 0.7036-0.70426 — Rio Pisco 
101 Ma 
zircon age 
The Pampahuasi 94 Ma 0.70442-0.70516 Rio Ica 
Super-unit Zircon age 
The Incahuasi ? 0.70691—0.70840 Q, Gramadal 
Super-unit etc. 
78+1Ma_ 0.70425 + 4 Rio Ica plus 
Rio Cajiete 
The Tiabaya 80+8Ma _ 0.70431 +7 Rio Ica 
Super-unit plus Rio 
San Juan 
66+ 10Ma 0.70422 + 14 Rio Mala 
? 0.70461—0.70803 Rio Chaparra 
78 Ma 
zircon age 


The Catahuasi 
Super-unit 


24+1Ma_ 0.70436+8 Rio Cafiete 


A group of similar initial ®’Sr/*Sr ratios between 
0.70422 + 10 and 0.70436 + 8 is characteristic of rock 
units which are very widespread geographically and 
span a period of intrusion of about 70 Ma. This group of 
values probably reflects a source region in the upper 
mantle or in juvenile igneous material near the base of 
the continental crust. The basic end-member of the 
Linga-Pisco with an initial ®’Sr/®°Sr ratio of about 
0.7036 probably characterizes an upper mantle source 
region exhibiting a time-integrated depletion in LIL 
elements relative to the source region providing the 
bulk of the magmas. Thus there is a evidence for 
possible heterogeneity in the upper mantle beneath 
Peru. There is tenuous evidence for diachroneity of the 
mapped Tiabaya Super-unit and clear isotopic evid- 
ence for the operation of a process of mixing in the 
petrogenesis of the Linga-Pisco. Many rock units in the 
Arequipa segment are characterized by significant 
ranges of initial ®7Sr/**Sr ratio rather than unique 
values. Contamination with Sr derived from con- 
tinental crust is the best explanation for these ranges of 
initial ®7Sr/®°Sr ratio, and it is probable that ‘assimi- 
lation and fractional crystallization’ processes dominate 
the geochemical evolution of these magmas (De Paolo, 
1981). Isotopic evidence for gross contamination with 
radiogenic strontium is not found north of the 
Quilmana pluton and it is possible that the 
Precambrian basement, which crops out sporadically 
along the Arequipa segment, does not extend beneath 
the Coastal Batholith as far north as the Rio Omas. 
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Summary of field relationships of intrusive rocks in 
the Arequipa region and their significance for 
geological correlation and dating 


Intrusive rocks which have been assigned to the 
Arequipa and Toquepala segments come together in 
the Arequipa region thereby enabling relative age 
relationships for super-units of the two segments to be 


established. 


Incahuast. The Torconta pluton is the most southerly 
example of the Incahuasi Super-unit and it extends to 
within 30 km of Arequipa where it is apparently cut by 
tonalites of the Laderas pluton which, on grounds of 
lithological similarity, has been assigned to the Ilo 
Super-unit. This field relationship was established by 
Vargas (1970) and appears to be correct though it 
has not been unequivocally confirmed. The Incahuasi 
Super-unit has been dated isotopically at 78 Ma in the 
Pisco-Ica region and the Ilo at 103 Ma. Samples from 
the Torconta pluton were collected from Q, Gramadal 
but it was not possible to obtain an isochron; the 
Laderas pluton has not been dated isotopically. 


Ilo. Plutons of this super-unit form the western branch 
of the batholith south of Arequipa and have been dated 
isotopically at 103 Ma. As noted above the Laderas 
pluton has been assigned to the Ilo Super-unit and 
apparently cuts the Incahuasi of the Torconta pluton. 
It also cuts the Linga-Arequipa monzodiorites and it is 
cut by the Tiabaya granodiorite. Vargas (1970) con- 
sidered that the Laderas pluton was cut by the Linga. 
However, fieldwork in 1978 found that veins of Laderas 
tonalite cut the Linga on Cerro Huasamayo, and that 
blocks of the Linga were included within the Laderas 
pluton near the contact east of Vitor at Pozo Blanco. 
This field relationship thus seems to be well established. 
The Linga of this region has now been dated isotopi- 
cally at 62 Ma. The field relationship of the Tiabaya 
pluton to Laderas is well established at Q, Enlozada 
about 10 km south-west of Arequipa where the Tiabaya 
is seen to cut the Laderas tonalite. The Tiabaya Super- 
unit has been dated at 80 Ma in the Pisco-Ica region 
and the Tiabaya pluton itself was dated at 77 Ma by Le 
Bel (unpublished thesis). 


Linga-Arequipa and Yarabamba. ‘These two units are 
now considered to be aspects of the same super-unit and 
to differ lithologically from the Linga as defined in the 
Pisco-Ica region. The field relationships of the Linga 
from the two regions, however, suggest that they are of 
similar age whereas the isotopic data indicates that the 
Linga-Arequipa is younger. These relationships are as 
follows. The Linga is cut by the Laderas pluton 
(undated isotopically) which has been assigned to the 
Ilo Super-unit now dated at 103 Maa. If this ascription 
and the field relationships are correct the Linga 
Arequipa must be older than 103 Ma. It has been 
isotopically dated at 62 Ma. The Linga is apparently 
cut by several granodiorite to monzogranite plutons 
which have been named the Calderas type in the field 
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and which, on grounds of lithological similarity, have 
been assigned to the Yauca facies of the Linga-Pisco-Ica 
which has been dated isotopically at 96 Ma. If this 
ascription is correct the Linga must be older than 
96 Ma. However, although the field relationships sug- 
gest that these Calderas plutons cut the Linga the 
relationship has not been unequivocally established. 
Five samples from the Calderas pluton were collected 
but they did not define an isochron and at present this 
pluton remains undated. 

The Linga is also cut by the Jahuay granite, which 
has been dated by Le Bel (unpublished thesis) at 81 Ma. 
This field relationship is well established. Veins of 
Jahuay granite have been observed to cut the Linga 
monzodiorites in the upper reaches of the Quebrada 
Linga. Stewart (1968) also established that the Jahuay 
granite cuts the Yarabamba granodiorite. 

The Linga is also cut by the Yarabamba granodiorite 
to which it is related. This relationship is not well 
established but there is no reason to doubt it, since the 
acid members of any super-unit commonly have cross- 
cutting relationships to more basic members. The 
Yarabamba granodiorite is also apparently cut by the 
Tiabaya pluton. This relationship is also not unequivo- 
cally established but it is the same as that observed by 
Stewart (1968). The contact between the two plutons 
was examined on the south-west flank of Cerro Lloron 
and xenoliths of Yarabamba were seen to be included in 
the Tiabaya granodiorite. Neither the xenolith nor the 
host rock were particularly good examples of their 
respective lithologies and are not considered to de- 
monstrate an unequivocal relationship. However, if 
correct, the Yarabamba granodiorite would have to be 
older than Tiabaya. Plutons of Yarabamba are also cut 
by porphyry copper stocks which have been dated at 
57 Ma. This relationship, although of interest, is not 
definitive for regional correlation. However it may 
suggest a relationship of those deposits to Yarabamba 
and hence favour a younger age for Yarabamba, and by 
implication, Linga. 

The relative intrusion sequence established by field 
evidence in the Arequipa region is approximately thus: 


Tiabaya 
Laderas (Ilo), Jahuay, Calderas (Linga Yauca) 
Incahuasi, Linga, Yarabamba 


This is similar to the sequence established by Stewart 
(1968) from the La Joya Quadrangle, which is: 


Tiabaya 
Jahuay 
Linga 
Yarabamba 


It is of interest to note that the sequence of intrusion is 
also approximately similar to that obtained from the 
Pisco-Ica region of the Arequipa segment. 

There is thus an apparent conflict between present 
knowledge of the established field relationships and 
that afforded by the isotopic data. This conflict raises 
questions of correlation and isotopic dating which with 
the data at present available cannot be satisfactorily 
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resolved. There is an immediate need for isotopic dating 
of the Torconta, Laderas, Calderas, Jahuay and 
Tiabaya plutons, all of which are key elements for 
interpreting the geology of the region. 


The Lima segment 


In a simplified form the sequence of super-units and 
units established during the course of the field mapping 
is as follows: (1) the early gabbros formerly referred to 
as the Patap super-unit, (2) the Jecuan, (3) the Paccho, 
(4) the Santa Rosa, (5) the Humaya (unit), (6) the La 
Mina, (7) the San Jeronimo, (8) the Puscao and (9) the 
late-stage granites of Pativilca type. 

Before discussing the available geochronological data 
for these super-units it is important to note that the 
Jecuan occurs in both the Lima and Arequipa segments 
(see the maps at the end of this volume). The Jecuan 
crops out in a roughly linear pattern of plutonic 
complexes together with some of the major gabbro 
bodies and the most northerly of the plutonic complexes 
of the Linga super-unit occurs south of the Jecuan. This 
distribution may reflect an earlier segmentation with 
different spatial limits from those defined by the later 
super-units intruded between about 94 Ma and 60 Ma. 


The early gabbros 


K-Ar ages for the Huaral gabbro determined by 
Wilson (1975) are equivocal (Table 16.13). The possi- 
bility of a significant level of excess 40 Ar is suggested by 
the discordance, with plagioclase giving a much older 
age than hornblende. 

Concordant U-Pb data determined by Mukasa and 
Tilton (this volume) give an age of 84 Ma for the Huaral 
gabbro—almost exactly the average of the discordant 
K-Ar ages. We have no reason to doubt the U-Pb age 
but we would observe that in the field it proved very 
difficult to draw a boundary between the Huaral 
gabbro and the very dark Santa Rosa in the locality 
sampled by Mukasa and Tilton. On the 1:100000 
sheet the boundary in this locality is shown as grada- 
tional and, unfortunately, there is a possibility that the 
rock from which the zircons were separated belongs to 
the Santa Rosa rather than the early gabbros. 
Conventional geological arguments may be used to 
constrain the range of possible ages of some of the 
gabbros. In many cases the gabbros cut Albian strata 
and must, therefore, be younger than about 107 Ma. 
One of the major gabbro bodies is clearly cut by the 
Jecuan, dated at about 100 Ma, in the Rio Lurin and 
thus in some cases the age of these early gabbros is very 
tightly bracketed. Elsewhere in this volume Regan 
argues that there is a close relationship between the 


Table 16.13 Lima segment. Early gabbros: K-Ar data 


Sample “Ar radiogenic Age + 26 
number Mineral K(%) (nl/g) (Ma) 

Al Plagioclase 0.21 0.769 9242 
Al Hornblende 0.315 0.938 7543 
en 
G* 


Table 16.14 Rb-Sr data. Gabbros 


i EEUU EEE EEE NEESER 


Sample Rb Sr 87Rb/*Sr 87Sr/**Sr 751 /Sr 
number (ppm) 

7.3 1 508 0.0056 0.70411 0.70410 

7.15 2 269 0.0212 0.70310 0.70307 

7.39 1 424 0.0058 0.70439 0.70438 

P33 12. 493 0.0727 0.70435 0.70425 

G 331 1] 713 0.0439 0.70401 0.70395 


tholeiitic early gabbros and the volcanic rocks of the 
Casma Group. However, there is also field evidence 
that basic magmas were available at much later times 
during the emplacement of the Coastal Batholith. 

Rb-Sr data for various gabbros are listed in Table 
16.14. Initial ®7Sr/®°Sr ratios have been calculated 
assuming an age of 100 Ma. The corrections for radio- 
genic growth are small, generally in the fifth place of 
decimals, and the assumption of any post-Albian age 
would not significantly change the calculated values for 
these initial ratios. The data appear to fall into two 
groups: a higher set of values ranges from 0.70395 to 
0.70438 and one result has a very low value of 0.70307. 
One possible interpretation of these data is that, as 
discussed above for the Linga-Pisco, the single sample 
with a very low initial ®’Sr/*°Sr ratio originates from a 
depleted mantle source region. The range of values of 
the more radiogenic group (ie. 0.7040—0.7044) is also 
characteristic of the lowest initial ratios derived from 
precise Rb-Sr whole-rock isochrons throughout the 
Toquepala and Arequipa segments. Furthermore all 
the initial ®7Sr/*°Sr ratios from the Lima segment of 
the Coastal Batholith, as discussed below, are close to 
0.7042. Such uniformity over the whole 2000 km length 
of the Peruvian Coastal Batholith suggests that these 
initial ®7Sr/®°Sr ratios around 0.7042 may represent a 
different, non-depleted, mantle source region. It might 
be argued that at least part of this spectrum of initial 
87Sr/®6Sr ratios, 0.7040—0.7044, could result from 
contamination via interaction of mantle-derived mag- 
mas with crustal material. However, especially in the 
Lima segment where Precambrian basement does not 
underlie the Coastal Batholith, the limited 5!*O data 
reported below, as well as the Nd isotope data and lead 
isotope studies reported elsewhere in this volume, 
indicate that for these plutonic rocks crustal interaction 
is not a very significant process. 


The Jecuan Super-unit 


This super-unit is represented by the Atocongo 
pluton which crops out in the Lurin valley in the 
suburbs of Lima and has been dated by several workers. 
This pluton is of more than local interest because it cuts 
a major gabbro body and folded Albian strata and thus 
provides a minimum age for both. Stewart e¢ al. (1974) 
obtained an average age of 104 + 2 Ma (Cobbing et al., 
1981) for this pluton; this average being a weighted 
mean of concordant K-Ar ages on hornblende and 
biotite and a Rb-Sr whole rock-K-feldspar intersection 
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Table 16.15 Lima segment, Jecuan Super-unit, Atocongo pluton 
Rb-Sr data 


Sample Rb Sr ®7Rb/®Sr 87Sr/®°Sr 
number (ppm) 

254 118 144 2.379 0.70769 
255 98 156 1.822 0.70724* 
256 126 134 2.728 0.70822 
2557 115 143 2.328 0.70772 
258 118 142 2.393 0.70781 
259 115 154 2.148 0.70728 


*excluded from regression 


age. Sanchez-Fernandez (1982) suggested an Rb-Sr 
WRI age of 81+415Ma based on the data in 
Table 16.15. However the MSWD for this isochron 
is 3.40 and the quoted 2c error should be enchanced by 
1.84 to + 28 Ma. This makes this age just concordant 
with the previously published ages at the limit of error. 
Omitting the data for one sample improves the fit of the 
remaining points to a straight line and gives an age of 
110 + 25 Ma with an initial ®’Sr/**Sr ratio of 0.70399 + 
85 and an acceptable MSWD of 1.3. This view of the 
data is preferred here. The earlier Rb-Sr data of 
Stewart ef al. (1974) do not plot on this iso- 
chron—probably due to a systematic difference in 
the ®’Sr/®°Sr measurements. Mukasa and Tilton (this 
volume) present concordant U-Pb ages for a zircon 
separate from the Atocongo pluton which average 
101 Ma and this age is clearly definitive. 


The Paccho Super-unit 


Although mapped as an early super-unit the geo- 
chronological data are locally contradictory and indi- 
cate the presence of Tertiary plutons in the area 
mapped as Paccho. In the Huaura section the contacts 
which are not obscured by the centred complexes 
demonstrate that the Paccho is older than the Santa 
Rosa. Seven K-Ar ages reported by Wilson (1975), 
(Cobbing ef al., and 1981) for coexisting minerals are all 
discordant and no very firm conclusion can be drawn 
from them. The oldest K-Ar age is 93 + 5 Ma for a 
hornblende separate and might be correct. This age is 
similar to the age of the Pampahuasi in the Arequipa 
segment. There is a concentration of ages at about 
60 Ma which might all be reset by the centred com- 
plexes. Finally there is a single biotite age of 34 + 1 Ma 
which is probably reset to this value since identical reset 
K-Ar ages are also found for minerals from the Sayan 
and Pativilca plutons. Elsewhere in this volume 
Mukasa and Tilton report a concordant U-Pb age of 
39 Ma for zircon from a pluton previously mapped as 
Paccho in the Rio Santa Eulalia valley. There is no 
strontium isotope data for the Paccho Super-unit. 


The Santa Rosa Super-unit 


Radiometric dating of the Santa Rosa has been 
fraught within problems and this super-unit, as map- 
ped, is now known with certainty to include rock units 
with ages from 90 Ma down to 50 Ma and possibly from 
about 100 Ma down to 50 Ma. The first definite clues to 
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the complexity of the Santa Rosa came from geochemi- 
cal studies (Atherton et al., 1979) and K-Ar age de- 
terminations (Wilson, 1975; discussed in Cobbing et al., 
1981). Atherton etal. (1979) showed that geochemi- 
cally the Santa Rosa of the Rio Nepejfia is, generally, 
quite distinct from that of the Huaura valley. Wilson’s 
(1975) K-Ar data are difficult to interpret but allowed 
the tentative conclusion that the Santa Rosa of the 
Huaura valley was emplaced in two distinct intrusive 
events, at about 90 Ma and at about 70 Ma. The K-Ar 
evidence for an intrusive event at 90 Ma is not totally 
convincing on its own. It comprises a concordant 
biotite-plagioclase pair (92 + 2Ma and 90 + 2 Ma re- 
spectively), biotite ages for two other samples of 95 + 
2Ma and 90 + 2, and finally from one sample of the 
Purmacana pluton a _ concordant hornblende- 
plagioclase pair (101 + 3Ma and 97 + 2 Ma respec- 
tively) although biotite coexisting with these minerals 
gave an age of 88 + 1 Ma and appears to have been 
reset. The presence of a component of the Santa Rosa in 
the Rio Fortaleza with an age of about 91 Ma is 
confirmed by the concordant U-Pb zircon ages reported 
by Mukasa and Tilton elsewhere in this volume. The 
possibility that there is an even older component of the 
Santa Rosa represented by the K-Ar data for the 
Purmacana pluton in the Rio Pativilca at about 
100 Ma needs confirmation by other radiometric 
methods. 

Wilson’s (1975) K-Ar evidence for a Santa Rosa 
event at about 70Ma consists of a concordant 
hornblende-biotite pair from a sample of tonalite (77 + 
2Ma and 73+1Ma respectively) and two nearly 
concordant hornblende-biotite pairs for samples of 
diorites (78 + 2Ma and 72+2Ma; 70+1Ma and 
76 + 2Ma). Wilson (1975) also determined dates of 
74 + | Ma and 76 + 2 Ma for biotite separates from the 
Humaya unit and four dates for the Santa Rosa dyke 
swarm which cuts the Humaya: two whole-rock 
samples gave 75+2Ma and 70+3Ma and two 
hornblende separates gave 70 + 3 Ma and 61 + 2 Ma. 
Cobbing et al. (1981) included the Humaya unit in the 
Santa Rosa but suggested that these dates of about 
70 Ma for both various Santa Rosa plutons and the 
Humaya might all have been reset by the intrusion of 
the Santa Rosa dyke swarm at this age. These difficul- 
ties in interpreting the K-Ar data have been largely 
resolved by the Rb-Sr WRI ages reported here and the 
U-Pb ages for zircons reported by Mukasa and Tilton 
elsewhere in this volume. 


The Purmacana pluton (Rio Pativilca) 


Two samples have been analysed for ®’Rb/®*Sr and 
87Sr/®°Sr (Table 16.16). Initial ratios have been calcu- 


Table 16.16 Lima segment, Santa Rosa Super-unit, Purmacana 
pluton Rb-Sr data 


Sample Rb Sr *Rb/*PSr  *7Sr/*Sr_ — *7Sr/*Sr, 
number (ppm) 

A380 34 213 (0.466 0.70471 0.70405 
A126 37 404 0.267 0.70442 0.70404 


RB-SR 


lated using an age of 100 Ma as indicated by the K-Ar 
ages discussed above. This represents that oldest iden- 
tified component of the Santa Rosa Super-unit and has 
an initial ®’Sr/®°Sr averaging 0.70405 + 10. 


The Huaura complex 


Five samples typical of the Corralillo facies of the 
Santa Rosa (see the accompanying maps) have been 
analysed for ®*7Rb/*Sr and ®’Sr/*°Sr. The results are 
listed in Table 16.17 and define an acceptable isochron 
giving an age of 77 + 4 Ma with an initial ®’Sr/°Sr ratio 
of 0.70406 + 9 and an MSWD of 1.1. This Rb-Sr WRI 
age is in accord with the oldest ‘70 Ma’ K-Ar dates 
discussed above and is nearly concordant with con- 
cordant U-Pb ages for two zircon separates which 
average about 82 Ma reported by Mukasa and Tilton 
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elsewhere in this volume. Thus in the vicinity of the 
Huaura section components of the Santa Rosa have 
been dated at about 100 Ma, 90 Ma and 80 Ma. 


The Santa Eulalia pluton 


This pluton crops out in the Rimac valley east of 
Lima. A six-point Rb-Sr whole-rock isochron (Table 
16.17, Figure 16.7) gives an age of 62 + 7 Ma with an 
initial ®7Sr/®°Sr ratio of 0.70402 + 14 and an MSWD of 
0.25. This age of intrusion is confirmed by concordant 
U-Pb data for a zircon separate giving an age of about 
59 Ma (Mukasa and Tilton, this volume). The Santa 
Eulalia pluton is one of the youngest intrusions mapped 
as Santa Rosa in the Rimac valley and at present there 
is no geochronological evidence to indicate how much 
older the other intrusions are. Unless the Santa Eulalia 


Table 16.17 Lima segment, Santa Rosa Super-unit 


(1) Huaura complex. Rb-Sr data 


Sample Rb Sr 

number (ppm) 87Rb/*Sr 87Sr/*°Sr 

SR 46 116 109 3.059 0.70742 

SR 334 84 333 0.723 0.70483 77+4Ma 

SR 335 76 378 0.576 0.70474 0.70406 + 9 

SR 338/9 44 495 0.258 0.70441 MSWD 1.1 

SR 341 39-574 0.225 0.70421 
ns 
(2) Santa Eulalia pluton, Rb-Sr data 
es 
Sample Rb Sr 

number (ppm) 87Rb/*SSr 87Sr/°Sr 

233 80 504 0.467 0.70440 

234 214 = 265 2.338 0.70608 62+7Ma 

235 188 294 1.861 0.70565 0.70402 + 14 

236 179 357 1.451 0.70534 MSWD 0.25 

237 145 417 1.007 0.70496 

238 146 408 1.033 0.70493 
eS 
(3) Rio Nepena and the Moro pluton 
a 
Sample Rb Sr 

number (ppm) s7Rb/PSr 87Sr/*Sr 

139 59 359 0.466 0.70448 

140 67 324 0.594 0.70463 

141 94 313 0.865 0.70479 

142 98 324 0.878 0.70482 47+4Ma 

143 76 364 0.611 0.70454 0.70420 + 7 

144 76 = 351 0.629 0.70456 MSWD 0.6 

145 162 153 3.052 0.70619 

146 83-321 0.753 0.70477 

147 45 448 0.287 0.70433 

148 117 250 1.338 0.70513 

149 91 298 0.877 0.70482 
a 
(4) Rio Huarmey 
ee 
Sample Rb Sr 

number (ppm) 87Rb/*Sr 87Sr/85Sr 87Sr/8Sr, 

183 56 319 0.507 0.70466 0.70414 

184 43 620 0.204 0.70412 0.70391 

185 52 308 0.490 0.70453 0.70403 

186 45 340 0.385 0.70434 0.70395 

190 44 394 0.324 0.70433 0.70400 

191 37 408 0.262 0.70433 0.70406 

193 43 433 0.288 0.70431 0.70402 


Mean 0.70402 + 6 


EEE EEE 
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Figure 16.7 


pluton is redesignated as belonging to some other super- 
unit the radiometric ages identify unambiguously a 
component of the Santa Rosa at about 60 Ma in 
addition to those identified farther north in the Huaura 
valley at about 100 Ma, 90 Ma and 80 Ma. 


The Western Santa Rosa 


One sample typical of the Huaricanga facies of the 
Santa Rosa collected from the western edge of the 
Coastal Batholith towards the northern end of the Lima 
segments near Chimbote has been dated by the K-Ar 
method. The results are listed in Table 16.18 and give 
an age of 71 + 2.Ma. On its own a single K-Ar date 
might not be very significant but this age is confirmed 


by concordant U-Pb data for a zircon separate 
(Mukasa and Tilton, this volume) from a sample of the 
same section in the Santa Rosa which also gives an age 
of 71 Ma. Thus in addition to the intrusive events at 
about 60 Ma, 80Ma, 90 Ma and 100 Ma discussed 
above, there is a component of the Santa Rosa dated 
about 70 Ma. 


The Santa Rosa of the Rio Nepefia and 
the Moro pluton 


Wilson (1975)determined a few K-Ar ages for the 
large Santa Rosa plutons which crop out inland east of 
Chimbote in the Nepefia valley which suggested that 
these intrusions are significantly younger than the 
Santa Rosa as mapped farther south (Table 16.18). In 
particular, a K-Ar age for a biotite separate from the 
Moro pluton gave an age 46 + 1 Ma, and a sample of 
one of the Santa Rosa tonalites provided concordant K- 
Ar ages for a hornblende-biotite pair of 45 + 1 Ma and 
45 + 1 Ma respectively. Rb-Sr data for the Santa Rosa 
of the Nepeijia valley are presented in Table 16.17 and 
define a Rb-Sr WRI age of 47 + 4 Ma in accord with 
the K-Ar dates. This relatively young age is confirmed 
by U-Pb data for a zircon separate from one of the 
Santa Rosa-Nepejia tonalites (Mukasa and Tilton, this 
volume) which give concordant ages of about 50 Ma. 
The initial ®’Sr/*°Sr ratio derived from this statistically 
acceptable isochron with an MSWD of 0.6 is 0.70420 + 
7. These radiometric ages for the Santa Rosa Nepefia 
are very convincing and further extend the range of ages 
of intrusion of components of the Santa Rosa. This 
super-unit contains components intruded at about 


50 Ma, 60 Ma, 70 Ma, 80 Ma, 90 Ma and 100 Ma! 
The Huarmey valley 


A suite of samples from the Corralillo facies of the 
Santa Rosa have been analysed for ®’Rb/®*Sr and 
87Sr/®°Sr (Table 16.17). The range of Rb/Sr ratios for 
these samples is very restricted and the data do not 
define a Rb-Sr whole-rock isochron. Initial 87Sr/®°Sr 
ratios have been calculated using an age of 72 Ma 
derived from concordant K-Ar ages for hornblende and 
biotite separates from one of the samples analysed for 
Rb/Sr and ®’Sr/®Sr (‘Table 16.18). The average initial 
87Sr/®6Sr is 0.70402 + 6 (2 x standard error) which is 


Table 16.18 K-Ar data for the Lima segment (previously unpublished) 


Sample ‘Ar radio- 
Locality number Mineral K(%) genic (nl/g Age + 26 Ma 
Moro pluton A 144* biotite 7.183 13.09 4641 
Santa Rosa-Nepena A 145* biotite 5.946 10.52 45 +1 
hornblende 0.654 1.145 45+ 1 
Western Santa Rosa 155 biotite 5.23 14.72 7142 
Huarmey valley 183 biotite 7.31 20.89 7242 
hornblende 0.61 Ld 7242 


*Analyses by Wilson (1975) 
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very similar to values obtained from other sections in 
the Santa Rosa. 


The Humaya unit 


The Humaya unit has been regarded as part of the 
Santa Rosa Super-unit because it is cut by the Santa 
Rosa dyke swarm. Wilson (1975) determined K-Ar 
ages of 74+1Ma and 76+2Ma for two biotite 
separates from the Humaya of the Rio Huaura. This 
age is essentially confirmed by U-Pb data for three 
zircon separates from the same region (Mukasa and 
Tilton, this volume) which give concordant ages 
averaging 73 Ma. As noted above, in discussing the age 
of the Tiabaya Super-unit, it is unusual to find a K-Ar 
age older than either a Rb-Sr WRI age or a U-Pb zircon 
age. The older of the two K-Ar ages might, therefore, be 
subject to a systematic error or reflect the presence of a 
small amount of excess *°Ar. Eleven samples of the 
Humaya unit from the section in the Rio Seco pluton in 
the Culebras region have been analysed for Rb, Sr, 
87Rb/*Sr, ®’7Sr/*Sr and the results are set out in Table 
16.19. These samples show an extremely restricted 
range of ®’Rb/®Sr ratios and the data do not define a 
Rb-Sr whole rock isochron. Initial ®’Sr/®°Sr ratios have 
been calculated using the zircon age of the 73 Ma and 
average 0.70429 +6 (2xstandard error) which is 
slightly more radiogenic than values typical of the older 
components of the Santa Rosa sensu stricto. 


Table 16.19 Lima segment, Humaya unit. Rb-Sr data 


a 


Sample Rb Sr s7Rb/*Sr  87Sr/°Sr 87Sr/®Sr, 
number ppm 

170 37 577 0.187 0.70453 0.70434 
171 89: 607 0.183 0.70457 0.70438 
172 47 610 0.223 0.70447 0.70424 
173 49 603 0.233 0.70469 0.70445 
174 41 547 0.217 0.70459 0.70437 
175 50 488 0.294 0.70470 0.70440 
176 39 559 0.203 0.70439 0.70418 
177 47 527 0.257 0.70447 0.70420 
178 30 601 0.143 0.70438 0.70423 
179 41 539 0.221 0.70442 0.70419 
180 46 467 0.285 0.70448 0.70418 


Mean 0.70429 + 6 


The La Mina unit 


Wilson (1975) determined discordant K-Ar ages 
of 734+2Ma and 63+2Ma respectively for a 
hornblende-biotite pair from a sample of the San 
Miguel stock as well as ages of 67 + 1 Ma and67 + 1Ma 
for K-feldspar and biotite separates from other samples 
of this stock. U-Pb data for a zircon separate give a 
concordant age of 71 Ma (Mukasa and Tilton, this 
volume) —this U-Pb age is probably definitive and 
permits an unambiguous interpretation of Wilson’s K- 
Ar ages. The oldest K-Ar age of 73 + 2Ma for a 
hornblende separate is concordant with the zircon age 
which dates the intrusion of the La Mina unit. The 
other K-Ar ages have presumably been reset by later 
intrusive events. Six samples of the La Mina have been 
analysed for Rb, Sr, ®’Rb/®°Sr and ®7Sr/*°Sr (Table 
16.20). The range of Rb/Sr ratios is very restricted and 


Table 16.20 Lima segment, La Mina Unit. Rb-Sr data 


a 


Sample Rb Sr s7Rb/P*Sr 87Sr/6Sr 87S r/$*Sr, 
number ppa 

M4 83 306 0.785 0.70476 0.70396 
M5 98 304 0.937 0.70498 0.70403 
M11 84 346 0.702 0.70466 0.70395 
M15 96 289 0.962 0.70492 0.70395 
M16 96 324 0.856 0.70484 0.70398 
M19 97 246 1.134 0.70503 0.70388 


Mean 0.70396 + 4. 
a 
the data do not define an isochron. Initial ®’Sr/*Sr 
ratios have been calculated using an age of 71 Ma and 
average 0.70396 + 4 (2 x standard error) which is a 
relatively unradiogenic value for the Peruvian Coastal 
Batholith. 


The Puscao Super-unit and the Tumaray Unit 


Wilson (1975) obtained K-Ar ages of 67 + 1 Ma, 
63 + 1 Ma and 59 + 1 Ma for biotites separated from 
samples of the Puscao Super-unit. Rb-Sr data for five 
samples of the Puscao Super-unit from the Huaura 
valley, seven samples of the Tumaray Unit which is a 
variant of the Puscao in the Huaura valley and two 
samples of Puscao collected farther north in the 
Huarmey section are presented in Table 16.21 and 
Figure 16.8. These data define a Rb-Sr WRI age of 
65 + 1 Ma with an initial ®’Sr/®°Sr ratio of 0.70410 + 6 
and an MSWD of 1.4. Concordant U-Pb data for a 
zircon separate from a sample of the Puscao give an age 
of 66 Ma in agreement with the Rb-Sr WRI age, and 
essentially in accord with the oldest K-Ar dates. 


Table 16.21 Lima segment. Rb-Sr data 
1. Pusco Super-unit and Tumaray unit 


me 


Sample number Rb Sr ®7Rb/*Sr 87Sr/*6Sr 
(ppm) 
Pa 109 237. -+1.327 0.70540 
P16 90 302 0.867 0.70488 
P17 105 230 ©=-1.318 0.70527 
p22 75 375 0.575 ~—«(0.70450 
P23 60 441 0.391 0.70438 
T850 130 177 2.137 0.70605 
T1000A 193 42 13.271 0.71624 | 69+ 1Ma 
T1200 142 176 2.327-—«:0.70627 (| 0-70410 + 6 
T1400 160 177 2611  0,70659| MSWD 1.4 
T1600 149 173 2.486 (0.70631 
T1850A 160 116 3.978 0.70774 
T1900 143 198 2.081 0.70618 
181 184 147 3.627 —-0.70739 
182 163. 175. 2.689 0.70666 
2. Sayan Super-unil 
Ss] 138 148 «= -2.697_—-0.70645 
53 135 104 3.733. ~—-0.70730 
$4 126 144 2.508 0.70633 
$13 133 118 —3.243-~—«0.70699 
QM 7 141 0.144 0.70435} 62+2Ma 
58 139 110 3.650 0.70733 $_ 0.70417 + 10 
S11 191 84 6.588  0.70993| MSWD 1.5 
$12 178 127 4.048 (0.70772 
$15 179 78 6.608 0.71006 
wo 200 84 6912 0.71095 
W5 140 133 3.040 0.70679 


The Sayan Super-unit 


Wilson (1975) obtained K-Ar ages of 62 + 1 Ma and 
63 + 1 Ma for biotite separates from samples of the 
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B75.) Bes, 


Santa Rosa (Nepena) 


Age 4744Ma (2-sigma) 
Intercept 0.70420 + 0.00007 
MSWD 0.6 


Puscao plus Tumaray 


Age 65+1Ma (2-sigma) 
Intercept 0.70410+0.00006 
MSWD 1.4 


Figure 16.8 


western Sayan. He also obtained ages of 33 + 1 Ma and 
33 + | Ma for coexisting biotite and K-feldspar from 
the eastern outcrops of the Sayan Super-unit. The 
possibility that there might be two distinct Sayan units 
intruded at different times was considered briefly. The 
Rb-Sr data presented in Table 16.21 and Figure 16.9 
indicate that there is only one rock-unit present in the 
Sayan pluton since samples from both eastern and 
western Sayan define a common isochron giving an age 
of 62 + 2 Ma with an initial ®’Sr/®°Sr of 0.70417 + 10 
and an MSWD of 1.5. This Rb-Sr WRI age is 
concordant with the oldest K-Ar ages. It is interesting to 
note, however, that concordant U-Pb data for a zircon 
separate from the Sayan (Mukasa and Tilton, this 


Table 16.22 Lima segment. Rb-Sr data. 
1. Pariacoto unit 


volume) give an age of about 68 Ma. The field evidence 
that the Sayan cuts the Puscao which has been dated at 
65-66 Ma by both the Rb-Sr WRI and U-Pb methods 
seems unequivocal. Thus this particular U-Pb zircon 


age does not appear to fit the intrusive sequence 
established in the field. 


The Pariacoto unit 


Seven samples of the Pariacoto pluton have been 
analysed for Rb, Sr, ®’Sr/*°Sr and ®7Rb/**Sr (Table 
16.22, Figure 16.9). The data tend to fall into two 
groups with ®’Rb/®°Sr ratios of about 2 and about 25 
respectively. One point does not fit a line through the 
others and has been excluded from the regression which 
gives an age of 48.8 + 0.5 Ma with an initial ®’Sr/®°Sr of 
0.70394 +8 and an MSWD of 0.2. Clearly more 
radiometric data are needed for the Pariacoto. The 
distribution of ®’Rb/**Sr values suggests that two 
different rock units may be present in this pluton and 
the Rb-Sr WRI age might an artefact. Nevertheless, at 
present, we will accept it as indicating the age of 
intrusion in the absence of any better data. 


The Pativilca pluton 


Petrographically the Pativilca unit is similar to the 
Sayan and at one time they were assigned to the same 
super-unit. Wilson’s (1975) K-Ar studies showed, 
however, that the Pativilca is much younger by obtain- 
ing ages for biotite separates in the range 36 + 0.5 Ma to 
24 + 1 Ma. Cobbing et al. (1981) adopted a weighted 
mean age of 34.1 + 0.3 Ma, after excluding the young- 
est value, as the most likely time of emplacement of 
the Pativilca pluton. Eleven samples have been ana- 
lysed for Rb, Sr, ®*’Rb/**Sr and ®7Sr/**Sr (Table 16.21, 
Figure 16.8). These data define a Rb-Sr whole-rock 
isochron giving an ag: of 37 + 2Ma with an initial 
87Sr/®°Sr of 0.70423 + 10 and an MSWD of 2.1. U-Pb 


eer rrr 


Sample number Rb Sr ®7Rb/*Sr 87Sr/°6Sr 

163 197 22 25.845 0.72190 

164 198 21 27.325 0.72281 

165 153 91 4.898 0.70790 48.7 + 0.5 Ma 
166 140 181 2.241 0.70551 0.70394 + 8 
167 134 179 2.164 0.70546 MSWD 0.2 
168 136 183 2.144 0.70543 

169 136 191 2.054 0.70533 


—_-_-__eereoeoeee———————— — — 


2. Pativilca pluton 


_—_eoooo ese 


A79 99 212 1.358 
7.118 122 165 2.136 
7.117 102 199 1.487 
A82 141 100 4.085 
A80 109 85 3.704 
199 80 228 1.019 
202 97 160 1.741 
203 67 196 0.995 
204 118 104 3.310 
205 128 85 45392 
207 152 103 4.289 


0.70488 
0.70537 
0.70495 
0.70658 
0.70606 
0.70480 
0.70508 
0.70487 
0.70590 
0.70654 
0.70638 


37+2Ma 
0.70423 + 10 
MSWD 2.1 


——____ << EES 
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Figure 16.9 


data for two zircon separates (Mukasa and Tilton, this 
volume ) give concordant ages of about 36 and 37 Ma. 
The Rb-Sr WRI age is thus concordant with both U-Pb 
zircon ages and the oldest of the K-Ar ages determined 
by Wilson (1975) and we advocate 37 Ma as the age of 
emplacement of the Pativilca. 

The occurrence of the relatively young Pariacoto and 
Pativilca plutons on the eastern edge of the Coastal 
Batholith is a convincing demonstration that the 
tendency to young eastwards occurs in the Lima 
segment as well as in the Toquepala and Arequipa 
segments. These young plutons provide a link with the 
isolated ‘eastern stocks’ and the Cordillera Blanca 
Batholith which are even younger and crop out east of 
the main lineament of the Coastal Batholith. 


The Lima segment—a summary 


The dating of the early gabbros remains somewhat 
unsatisfactory and more radiometric data would be 
useful. The present Rb-Sr studies of the Atocongo 
pluton have not improved on the earlier K-Ar and Rb- 
Sr dates of Stewart et al. (1974) or the high precision U- 
Pb zircon age reported elsewhere in this volume, 
although a reliable initial ®’Sr/**Sr ratio of 0.70399 + 
85 has been determined. The Paccho Super-unit also 
remains enigmatic—it might be largely about 94 Ma 
old but the presently mapped outcrop certainly con- 


tains much younger plutons such as the San Pedro unit 
which is about 39 Ma. 

The Santa Rosa Super-unit is even more problemati- 
cal and, as mapped, is clearly diachronous with in- 
trusive events dated as follows. 


a S 


Locality/pluton Age Initial 87Sr/*°Sr 
Purmacana ~ 100 Ma 0.70405 Rio Pativilea 
Purmacana ~90Ma a Rio Fortaleza 
Huaura ~ 80 Ma 0.70406 

Huarmey ~ 70 Ma 0.70402 

Santa Eulalia ~ 60 Ma 0.70402 

Nepefia valley ~ 50 Ma 0.70420 


i SE UE EEE ESSER 


Within the centred complexes the San Jeronimo has 
been dated about 68Ma by the U-Pb method on 
zircons (Mukasa and Tilton, this volume) which is 
somewhat older than the oldest K-Ar age of 64 + 1 Ma 
obtained by Wilson (1975) for this super-unit. The 
Puscao Super-unit appears well behaved and has been 
demonstrated to be a temporally discrete event at about 
65-66 Ma at least from the Huaura valley as far north 
as the Rio Huarmey. However in the Nepefia valley 
where the Santa Rosa is well dated at about 50 Ma, 
Puscao-like plutons cutting the Nepefia Santa Rosa 
have been given K-Ar ages of about 36 Ma (Wilson, 
1975). Thus it appears that at different times in the 
history of emplacement of the Coastal Batholith a 
similar sequence of super-units may occur. The Sayan 
pluton gives concordant K-Ar and Rb-Sr WRI ages of 
about 62Ma but a concordant U-Pb zircon age of 
about 68 Ma. This U-Pb age appears to be anomalous 
since the Sayan flagrantly cuts the Puscao Super-unit 
which gives an Rb-Sr WRI age of 65 + 1 Ma and a U- 
Pb zircon age of 66 Ma. It is interesting to note that the 
centred complexes in the Lima segment at about 
68-62 Ma are similar in age to the porphyry copper 
intrusions in the Toquepala segment at about 60 Ma. 
These intrusions are geometrically similar and the 
tectonic regime which controlled the form of intrusions 
in the Coastal Batholith must have changed in the late 
Cretaceous to early Tertiary. At the same time regional 
uplift led to deposition of the continental red-bed 
sediments of the Casapalca and Chota groups. 
Finally in the Lima segment the young plutons of 
Pariacoto and Pativilca, dated at about 49 Ma and 
37 Ma respectively, fall on the eastern flank of the 
batholith confirming the general tendency to young 
eastward. These plutons provide a link with the isolated 
eastern stocks such as the Surco intrusion dated by 
Giletti and Day (1968) at 19 Ma and the Cordillera 
Blanca Batholith inland, and dated at about 11 Ma. 
The Pativilca pluton is the youngest pluton in or near 
the main batholithic lineament and brings to a close the 
60 Ma history of magmatism which built up the bulk of 
the Coastal Batholith of Peru. This magmatic linea- 
ment—possibly a deep fault—ceased to be an effective 
focus for the magmas after 37 Ma and the younger 
intrusions occur further east as isolated bodies. 
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Periodicity of magmatism and directions of 
younging 


As discussed above in the individual segments there is 
a clear tendency for the magmatism in the Peruvian 
Coastal Batholith as a whole to young eastwards. The 
persistence of a batholithic lineament which tended to 
focus the magmas intruded between about 100 Ma and 
37 Ma is equally impressive. There is evidence for 
‘tectonic erosion’ of the western edge of the South 
American continent. Wilson (1975) pointed out that 
the Lower Cretaceous Herradura quartzites in the 
Lima region appear to be derived from the west, and 
Webb (1976) demonstrated that in the Culebras region 
the size of the clasts in the Casma group increases 
westwards implying a volcanic source in that direction. 
Rutland (1971) marshalled various similar arguments 
to suggest that tectonic erosion of the continental 
margin by subduction might be responsible for the 
eastward migration of magmatic activity with time. 
This idea that the subduction zone moved eastwards as 
the edge of the South American continent receded is 
certainly an appealing explanation of the easterly 
younging of magmatism in Peru. An alternative ‘ero- 


sion’ mechanism suggested by Mégard (1973), that 
movement on transcurrent faults might have removed 
slices of the continental margin, is also attractive. It is 
possible that in contrast to the situation in North 
America where ‘exotic terrains’ are thought to have 
‘docked’ against the continent, the coast of Peru might 
be a region from which potential exotic terrains have 
‘sailed’. 

Figure 16.10 is an attempt to summarize the ages of 
intrusion determined in the Peruvian Coastal Batholith 
and some other locations east of it. There is no 
particularly convincing overall correlation between the 
different periods of igneous activity and maxima in the 
rate of sea-floor spreading. Similarly there is no con- 
vincing overall tendency for the magmatism to young 
northwards. Figure 16.10 does demonstrate two impor- 
tant conclusions from the radiometric studies reported 
here: firstly the magmatism that built up the Peruvian 
Coastal Batholith was distinctly episodic with quiescent 
periods often longer than 15 Ma between intrusions. 
Secondly, major intrusive events often occur at the same 
age in the three segments. For example the Ilo Super- 
unit, the Linga Super-unit and the Jecuan Super-unit 
are all well dated at about 100 Ma. Similarly, major 
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Figure 16.10 Schematic representation of the ages of intrusion in 
the Peruvian Coastal Batholith. No attempt has been made to 
indicate error in the interests of clarity. The right-hand column shows 
the maxima in the rate of sea-floor spreading in the south-east pacific 


(after Frutos, 1981) in cm/yr. 
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intrusive events appear to have occurred in each 
segment at about 60-70 Ma. 


Initial ®’Sr/®°Sr ratios and 8'8O values 


The initial *’Sr/®°Sr ratios determined during the 
course of this study are plotted in Figure 16.11. The 
range of values in the Lima segment is restricted. One 
gabbro with an initial ®’Sr/®°Sr ratio of 0.70307 is 
probably derived from a depleted source region in the 
mantle wedge. The remaining initial ®’Sr/®°Sr ratios are 
relatively uniform between 0.7040 and 0.7043 over a 
time interval of about 60 Ma and an enormous geog- 
raphical area. As discussed elsewhere in this volume in 
the Lima segment the Coastal Batholith is emplaced 
along the axis of a marginal basin into country rock 
consisting of ‘new crust’, i.e. lavas, dykes, sills and 
plutons of basaltic composition. There is no reason to 
doubt that all the magmas which built up the Lima 
segment of the Batholith were derived from the mantle 
probably with an input of volatiles and strontium from 
the subducted slab. The bulk of the magmas are 
tonalites and a normal two-stage process is envisaged in 
which more basic magmas are ponded at the base of the 
crust while differentiating by fractional crystallization. 
Continued fractional crystallization in a variety of 
intermediate level crustal magma chambers then pro- 
duced a diversity of rock compositions before the 
magmas finally came to rest in the present plutons, as 
described by Mason elsewhere in this volume. In 
contrast, in the Arequipa and Toquepala segments the 
batholith is emplaced partly into a craton consisting of 
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Figure 16.11 A plot ofinitial ®’Sr/Sr*°Sr ratios for components of the 
three segments of the Peruvian Coastal Batholith. The relatively 
restricted range of values in the Lima segment where the Batholith is 
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emplaced into ‘new crust’ and the large ranges in the Arequipa and 
Toquepala segments the batholith is emplaced into Precambrian 


craton are clearly seen. 
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Precambrian gneisses, Upper Palaeozoic and Mesozoic 
sediments as well as major intrusions at about 440 Ma 
and 400 Ma (Shackleton ef al., 1979). This cratonic 
assemblage provides a variety of possible sources of 
radiogenic strontium and there is no doubt that crustal 
contamination of mantle-derived magmas is an ade- 
quate explanation for the gross ranges of initial ®’Sr/®°Sr 
ratios in such cases as the Tiabaya Chaparra or the 
Incahuasi from Q, Gramadal. 

The range of initial ®’Sr/®°Sr ratios in the Linga-Pisco 
is best interpreted as indicative of mixing of different 
magmas derived from depleted and normal sources as 
discussed above. Finally, Le Bel e¢ al. (in press) argue 
that the Linga-Arequipa, despite the relatively high 
initial ®’Sr/®Sr ratio of about 0.7054, is derived from an 
enriched mantle source because the initial strontium 
and neodymium ratios fall on the mantle array in an eSr 
v. €Nd diagram. Thus the mantle structure beneath the 
Precambrian craton in the Arequipa and Toquepala 
segments may be more complex than that beneath the 
Lima segment. 


5'8O values* 


The main conclusions of a study of 3'8O values in 
whole-rock samples of the Peruvian Coastal Batholith 
are exemplified by the results for the Sayan pluton set 
out in Table 16.23. Previous work (Taylor, 1979) has 
indicated that mantle-derived basic rocks probably 
originated with 3'8O values of about +5.7%o 
(SMOW). In general, decrease in 8'8O would be 
attributed to interaction with meteoric water while 
increase in $'8O values is thought to reflect involvement 
of $'8O-enriched crustal material. The samples defining 
the Rb-Sr whole-rock isochron for the Sayan pluton 
exhibit a range of 8'8O values from + 5.70%o to 
+ 7.60%. Since the Rb-Sr WRI age is concordant 
with the oldest K-Ar ages for this pluton contamination 
of magmatic Sr with Sr from any other source cannot 
have occurred (unless fortuitously the contaminant had 
an ®’Sr/®°Sr identical to that of the magma). Thus the 
data in Table 16.23 demonstrate a substantial range in 
5'8O values while the initial ®’Sr/**Sr values are con- 
stant. Differences in 3'®O values due to differences in 
chemical composition may be allowed for by correcting 
the measured 3'8O values to the values they would have 
ifthe samples were 100% SiO, using the equation given 
by Garlick (1966). It can be seen that this process does 
not change the range of values. 

Furthermore the 3'°O values correlate very closely 
with variations in both major and trace element 
chemistry. Therefore we must conclude that in this 


Table 16.23 3'°O values for the Sayan pluton 


pluton the range of 8'®O values is due to igneous 
processes such as fractional crystallization. Thus an 
increase of §'8O from a typical mantle value of 5.7%o 
up to 7.6°/00 does not necessarily indicate involvement 
of crustal material in the petrogenesis of the Sayan 
pluton. Such an increase in 3'8O of about 2% may 
occur via the same igneous processes in plutons which 
do show Sr isotope evidence for contamination, but the 
extent of the crustal involvement in such cases is 
significantly less than simple mass balance calculations 
using 3'®O values would suggest. Matsuhisa (1979) has 
demonstrated similar increases of about 1.5% in 3'8O 
in volcanic rock sequences due to fractional cry- 
stallization. 


The super-unit concept—an apologia 


The radiometric evidence discussed above is that 
whereas some super-units are convincing temporally 
discrete events there is significant diachroneity in others 
such as the Linga, the Santa Rosa, the Tiabaya and, 
probably, the Puscao. We do not conclude, however, 
that there is any reason to doubt the general validity of 
the super-unit concept. We have no doubt that more 
detailed mapping would have identified many of the 
differences recognized radiometrically and that many 
finer subdivisions of the presently mapped super-units 
could be established. It is after all no great intellectual 
feat to ask whether rock units cropping out in adjacent 
plutons are derived from the same magma or not, and in 
many cases they appear to be. The difficulty is that of 
applying the super-unit concept on a batholithic scale 
over hundreds of kilometres. It is clear that in many 
cases, such as the Linga-Ica and Linga-Yauca, a 
mapped super-unit has a constant age within the limits 
of error on the radiometric age determinations. 

Furthermore it should not be thought that the 
problems all lie in the field mapping. Several examples 
of radiometric ages which conflict with the field evid- 
ence have been cited above. The problem of resetting of 
K-Ar ages has been discussed by Cobbing et al. (1981). 
Both the Quilmana and Linga-Pisco give probable 
‘pseudoisochron’ Rb-Sr systematics and ‘ages’ which 
are too old. The U-Pb zircon age for the Sayan Super- 
unit appears to be too old. In the Arequipa region there 
remains a conflict between the field relationships of 
plutons assigned to various super-units and _ the 
radiometric ages of these super-units established 
elsewhere. Without going into detail the field relations 
in the Arequipa region indicate the following sequence 
of plutons. 

(1) Incahausi (Torconta pluton of Q, Gramadal, 


Sample number Sl 83 S4 $13. QM _ S8 S11 S12 S15 W2 WS 
3'°O (SMOW) (measured) 6.95 6.70 6.90 7.00 5.70 695 7.60 7.00 7.50 7.35 7.20 
3'8O (corrected) 7.80 7.50 7.70 7.80 6.25 7.70 8.60 7.85 8.35 8.25 8.10 


*This section is contributed by R. D. B. and Dr M. L. Coleman and 
will be reported more fully elsewhere. 
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undated) ; Linga 
Yarabamba ( ~ 61 Ma) 

(2) Laderas pluton—undated. (= Ilo, about 103 else- 
where); Jahuay granite (~ 80 Ma, Le Bel, un- 
published) ; Calderas—undated ( = Linga-Yauca, 
about 99 Ma elsewhere) 

(3) Tiabaya pluton—no age data available (about 
80 Ma or 66 Ma elsewhere) 

The Jahuay granite clearly cuts the Linga-Arequipa 
and the Yarabamba and it is thus possible to suggest 
that this unpublished age of about 80 Ma must be 
questionable. In other cases the assignation to parti- 
cular super-units might be questioned. Finally the 
possibility remains that, as in Santa Rosa of the Nepefia 
Valley, a similar sequence of super-units may have 
occurred at different times. 


( — Arequipa, ~ 62 Ma; 


The Cordillera Blanca Batholith* 


The Cordillera Blanca Batholith is emplaced into a 
belt of predominantly argillaceous and arenaceous 
rocks near the axis of the Chavin sedimentary basin. 
The base of the Chicama Formation is not seen but 
thicknesses of more than 1000 m have been observed on 
the flanks of major anticlines. It is overlain by the white 
quartzites of the Chimti Formation which thicken 
southwards from about 100m in the centre of the 
Chavin basin to about 600 m in the Oyon region. The 
upper part of the Chicama Formation consists of 


Table 16.24 The Cordillera Blanca Batholith. 


(1) K-Ar data 
Oo M0Ar 


Sample 


current bedded quartzites, varying from dark grey to 
clean and white, up to several hundred metres thick, 
interbedded with black shales containing plant debris. 
Coals occur in the lower part of the Chimu Formation, 
and the upper part of the Chicama Formation clearly 
represents a deltaic environment. In contrast the lower 
part of the Chicama Formation consists of dark pyritous 
marine shales containing a Tithonian ammonite fauna. 
The Chicama Formation is highly deformed although 
penetrative cleavage is developed only very locally. 
Typically the folds have a wavelength of about 
300-500 m with horizontal axes, they are upright to 
inclined and sometimes slightly overturned and 
generally verge westwards. The folds are predomi- 
nantly concentric and formed in response to compres- 
sion aligned ENE to WSW, probably during the Incaic 
deformation prior to 40 Ma (Noble e¢ al., 1979). 

The Cordillera Blanca Batholith cuts the folded 
Chicama and a thermal aureole about 1 km wide is 
superimposed on the structures. The Batholith roofs 
against the Chicama Formation but does not appear to 
cut the unconformity with the overlying Calipuy 
volcanics. The Cordillera Blanca Batholith must have 
been emplaced at a very high level in the crust and it is 
currently exposed at heights above 6000 m. 

As shown in Figure 16.12 the major conclusion of 
field studies in 1980 is that the Cordillera Blanca 
Batholith comprises two super-units which can be 
mapped. The Cohup Super-unit consists largely of a 
muscovite-bearing leucogranite which makes up the 
bulk of this batholith, accompanied by plutons of K- 


atmos- *°Ar radio- 


number Mineral K+1% pheric genic (nl/g) Age + 2c Ma 
311 biotite 6.08 43 2.364 + 1.0% 10.0 + 0.3 
hornblende 0.752 74 0.2877 + 4.0% 9.8 + 0.8 
312 biotite 7.10 70 2.771 42.1% 10.0 + 0.5 
hornblende T13 82 0.5219 + 2.8% 11.8 + 0.8 
(2) Rb-Sr data 
Sample Rb Sr 7 Rb/*Sr 87Sr/**Sr 87Sr/°6Sr, 
number (ppm) 
296 100 491 0.593 0.70537 0.70529 
297 132 332 1.143 0.70531 0.70515 ‘ 
] 7 
298 ll 418 0.766 0.70519 0.70508( ~ostanne 
299 114 438 0.755 0.70545 0.70535, 2. 
a 
300 108 600 0.522 0.70547 (0.70540) megacrystic 8 
302 117 566 0.596 0.70546 0.70538 microgranite 
304 123 573 0.620 0.70537 0.70528 : 
Mean 0.70528 + 9 
311 74 990 0.217 0.70502 0.70499 
312 115 505 0.660 0.70498 0.70488 
313 108 523 0.600 0.70512 0.70503 a 
=) 
a 
314 103 507 0.590 0.70496 0.70487 a 
315 106 539 0.571 0.70495 0.70487 = 
316 109 473 0.667 0.70498 0.70489 


Mean 0.70492 + 6 


*This section has been contributed by E. J. C., R. D. B., M. B., 
B. D. T. Lynas and J. D. Bennett 
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feldspar megacrystic microgranite. The Carhuish 
Super-unit consists of plutons of biotite-hornblende 
granodiorites and tonalites with these mafic minerals 
occurring as separate crystals. This super-unit makes up 
the southern end of the Cordillera Blanca and occurs 
also in isolated plutons both on the eastern flank of the 
Batholith and as far south as Churin. 

According to Egeler and De Booey (1956) there is 
ample field evidence to show that the Cohup grano- 
diorite cuts the Tulparaju tonalite which is assigned to 
the Carhuish Super-unit. 

The geochemistry of these two super-units is some- 
what different and whereas the Carhuish is a normal I- 
type the Cohup is peraluminous and has S-type affi- 
nities (Cobbing e/al., 1981). Earlier K-Ar studies 
summarized in Cobbing ef al. (1981) indicated that 
there appear to be two groups of ages in the Cordillera 
Blanca Batholith—an older group at about 9-11 Ma 
and a younger group from about 3—6 Ma. The distri- 
bution of these two groups of K-Ar ages does correspond 
as far as it is known with the distribution of the older 
Carhuish and younger Cohup Super-units. However a 
U-Pb age on zircon from the Cohup granodiorite 
(Mukasa and Tilton, 1983) gives an age of 9-12 Ma 
which suggests that perhaps all the K-Ar dates in the 
younger group have been reset to younger values. New 
K-Ar ages determined on two samples of the Carhuish 
Super-unit give concordant hornblende-biotite dates of 
about 10Ma (Table 16.24). Thirteen samples have 


Note added in proof 


Since this chapter was written Mukasa and Tilton (pers. comm.) have 
determined U-Pb ages of 188 Ma and 184 Ma for two zircon separates 
from the Torconta pluton previously assigned to the Incahuasi 
(Incahuasi of Q, Gramadal in this chapter). The Torconta pluton has 
been reassigned to the Punta Coles Super-unit in the light of these ages 
and the accompanying map corrected. Part of the discussion on page 
190, above, should be modified and the calculated ‘initial’ ®7Sr/*°Sr 
ratios in Table 16.10 and Figure 16.11 should be modified to range 
from 0.70620 to 0.70785 at about 186 Ma. 


202 


been analysed for Rb, Sr, ®7Sr/®°Sr and ®7Rb/®°Sr and 
the results are also set out in Table 16.24. Initial 
87Sr/*°Sr ratios have been calculated using an age of 
10 Ma. 

The initial ®’Sr/®°Sr ratios for the Cohup and 
Carhuish Super-units are distinctly different. The value 
of 0.70528 + 9 for the Cohup Super-unit is not as high as 
many of the initial ratios for the Coastal Batholith. 
Despite its S-type affinities, the Cohup Super-unit could 
not possibly be derived by melting ancient continental 
crust. Both super-units in the Cordillera Blanca were 
probably derived from melts of mantle origin but the 
Cohup has probably assimilated a small amount of 
pelitic material such as the local Chicama Formation. A 
petrogenetic model of this type is also suggested by Pb 
isotope studies (Mukasa and Tilton, 1983). 

The Cordillera Blanca granitoids appear to be 
associated with a distinctive metallogenic province. In 
addition to the regional polymetallic mineralization 
(principally lead, zinc and silver) there are records of 
tin, tungsten and molybdenum mineralization and a 
history of tin and tungsten mining (Cobbing et al., 
1981). Several previously unreported occurrences of 
molybdenum mineralization of porphyry and stock- 
work type were identified and investigated during a 
recent survey of the eastern margin of the Cordillera 
Blanca Batholith and the adjacent sedimentary rocks 
(Lynas and Bennett, 1983). 
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Zircon U-Pb ages of super-units in the Coastal 
Batholith, Peru 


Samuel B, Mukasa and George R. Tilton 
Department of Geological Sciences 
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Zircon U-Pb ages, ranging from 102 to 37 Ma, of the super-units of three segments are in generally good agreement with the 

K-Ar ages, with small differences attributable to argon loss, supporting a thesis of rapid cooling and a simple thermal 

history. The episodic nature of the plutonism is confirmed ; a particularly short time-scale of major dyke intrusion is 
established, but a long-period time-scale, 20 Ma, is suggested for the early gabbros. 


Introduction and previous work sequence, coexisting phases now yield vastly different 
ages. Additionally, the likelihood of plutons incorporat- 
The most notable and systematic attempt to unravel ing argon from previous systems is very high, parti- 
the emplacement history of the Coastal Batholith, cularly in the Arequipa and Toquepala segments. For 
quantitatively, is that of Wilson (1975). In all, some 124 example, the Ilo Super-unit in the Toquepala segment 
K-Ar age determinations, mostly on groups of coexist- clearly cuts through 2.0 billion-year old granulites rich 
ing mineral separates from plutons in the Lima seg- in potassium feldspar, and by inference, also rich in 
ment, were performed. Earlier, Stewart eal. (1974) radiogenic argon. These and other factors necessitated 
had tabulated and evaluated the few existing age data the exercise of choosing preferred ages which un- 
on the batholith, and subsequently, McBride (1977), doubtedly bears some subjectiveness. 
Moore (1979) and Le Bel (1979) contributed K-Ar and Moreover, it has been argued that perhaps the Rb-Sr 
Rb-Sr age information on plutons in the Arequipa and isochron of 68 + 3 Ma by Le Bel (1979) on a suite of 
Toquepala segments. rocks from the Linga Super-unit reflects resetting 
Collectively, the above studies led to the following attributable to the copper porphyry systems of Cerro 
general conclusions. (1) Magmatic activity in the Lima Verde and Santa Rosa. As an example, Beckinsale (this 
segment began at approximately 105 Ma and ceased at volume) presents Rb-Sr data suggesting that the Linga 
35 Ma. This corresponds to a duration of 70 million Super-unit is much older in areas where hydrothermal 
years, (2) The emplacement of plutons in the batholith systems have not been a factor. The U-Pb zircon ages 
was episodic, at least for the Lima segment. Wilson presented here and others which will be forthcoming 
(1975) was able to define three age groups which are should help considerably in elucidating these problems 
punctuated by periods of relative quiescence. 98-85 Ma and uncertainties. An approach utilizing the U-Pb 
reportedly marked the period of gabbroic, meladioritic system on zircon is most suitable for determining 
and tonalitic pluton emplacement, 75—56 Ma of grano- primary igneous crystallization ages. The high- 
dioritic plutons, and 35-30 Ma of many of the granites temperature stability characteristics of zircon enable 
and monzogranites. (3) Magmatic activity in the the mineral to withstand thermal disturbances (e.g. 
Arequipa and Toquepala segments lasted a much multiple intrusions and associated hydrothermal circu- 
shorter period of time (approximately 105-80 Ma lation) more successfully than the phases used in the K- 


according to Cobbing (1982) ). However, it should be Ar and Rb-Sr methods of dating. 
pointed out that conflicting data exist on the Linga and 
Ilo Super-units. Le Bel (1979) produced a 20-point 


i thod 
Rb-Sr isochron with an age of 68 + 3 Ma on the Linga phalyhes! ae 


Super-unit in the Arequipa region, and McBride (1977) 30-40kg samples were crushed and zircon was 
showed that coexisting biotite and hornblende pairs separated using routine procedures involving the 
from the Ilo Super-unit give K-Ar ages with a range of Wilfley table, heavy liquids and magnetic separators. 
94 to 155 Ma. Then samples of the mineral weighing 10-20 mg each 

Unfortunately, the multiple nature of the intrusions, were purified by hand picking to at least 99.9% purity. 
spanning at least 70 million years, in many instances After a final washing in hot 7N HNO,, | millilitre of 
severely complicates interpretation of the K-Ar data. concentrated HF and 25 microlitres of 1}4N HNO, were 
Older intrusions were partially and unpredictably added to the samples. For the isotope dilution loads, a 
degassed by successively younger ones, and as a con- mixed 2°°Pb/22°U spike was used, but for samples with 
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small zircon yields, we used a mixed 2°°Pb/235U spike 
instead. Dissolution was carried out in steel-jacketed 
teflon bombs at a temperature of 200° C. After 5 days 
the HF-HNO, solution was evaporated and new acid 
was added to the samples in the same proportions as 
those mentioned above. In another 3 days, the samples 
were completely dissolved. 

Chemical isolation of U and Pb followed the pro- 
cedures of Krogh (1973) using an anion resin (Dowex 1) 
and 3.1N HCl. Lead was analysed in the mass spectro- 
meter by the silica gel-phosphoric acid method; U, by 
the phosphoric acid-colloidal carbon method using a 
single filament. The absolute accuracy of the measured 
ratios was monitored through U.S. National Bureau of 
Standards samples SRM-983 for %°®Pb/2°°Pb and 
*°7Pb/?°°Pb, SRM-981 for 2°*Pb/?°°Pb and SRM-U050 
for 238 U /235U, 


Results and discussion 


The analytical data and calculated ages are listed in 
Table 17.1. We consider these ages to be accurate to 
within + 0.5% because of the high 2°°Pb/?°*Pb ratios 
(implying that almost all of the Pb in the zircon is 
radiogenic), and because our mean standard deviations 
on all Pb ratios are less than 0.15°%, and those on U and 
Pb concentrations are no more than 0.25%. Nonradio- 
genic corrections were based on the Pb isotope com- 
positions of feldspars recovered from the same samples 
as the zircon. The feldspar data are reported elsewhere 
by us in this volume. 

Without exception, the ages presented in Table 17.1, 
for which there is a range between 101 Ma and 36 Ma, 
are concordant within our estimated analytical errors. 
Agreement between 7°’ Pb/?85U and 2°%Pb/238U ages is 
not necessarily indicative of concordance for zircons in 
this age range for which the concordia curve is nearly 
linear. However, the complete lack of a Precambrian 
inherited component in the zircon, and age agreement 
between various size fractions with different magnetic 
properties and U content strongly suggests concor- 
dance. Supporting evidence for concordance is also 
provided by the fact that even zircon ages on 4 plutons 
emplaced in a very short time period (<5 million 
years) in the Huaura centred complex, follow the 
intrusive sequence as seen in the field. 


Lima segment 


Age data are presented on all super-units except 
Paccho. Suffice it to say at present that the Paccho 
Super-unit may include a few previously unrecognized 
Tertiary plutons with an age range in the order of 35 to 
45 Ma. The oldest unit dated so far, at 101 Ma, is the 
Atacongo monzogranite in the Lurin Valley near Lima. 
This unit has been correlated with others of similar 
characteristics, and together they constitute the Jecuan 
Super-unit (Cobbing and Pitcher, 1983). We recognize 
that although the only zircon U-Pb age information we 
have obtained on the early gabbros of the Patap Super- 
unit is that of the Huaral gabbro at 84 Ma, some of these 
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plutons are definitely at least Albian in age. For 
example, the Atocongo monzogranite with a zircon U- 
Pb age at 101 Ma clearly intrudes gabbros of the Patap 
Super-unit in the Lurin Valley. Moreover, in the valley 
of the Rio Fortaleza, plutons of the Patap Super-unit 
are backed by the Purmacana tonalite of the Santa 
Rosa Super-unit which was emplaced at 91 Ma. It 
therefore appears that rocks which are collectively 
referred to as the Patap Super-unit were emplaced over 
a period of about 20 million years. 

Available zircon U-Pb ages on the Santa Rosa Super- 
unit are from the Pampa Ihuanco and Purmacana 
tonalites of the Rio Seco and Rio Fortaleza valleys, 
respectively. The former has been dated at 82 Ma and 
the latter at 91Ma. Thus, this super-unit was also 
emplaced over a considerable period of time. 

Zircon from the Humaya unit, which is the youngest 
rock cut by the Santa Rosa dyke swarm, has been dated 
at 73 Ma, and that from the La Mina Super-unit which 
clearly truncates the dyke swarm has yielded an age of 
71 Ma. This relationship accurately constrains the age 
of the dyke swarm. Further, it demonstrates that 
periods of extensional and/or relaxed tectonics can 
alternate with compressional stress regimes, at con- 
vergent plate boundaries, on a very short time-scale. 
We would argue that alternation of stress regimes with 
high frequency is directly related to plate rearrange- 
ments and associated changes in plate velocities. 

Intrusive relationships between super-units of the 
centred complexes in the Lima segment show that these 
plutons are very close in age. For example, back-veining 
and composite dyke relationships have been noted 
between the San Jerénimo and Puscao Super-units 
(Cobbing e al., 1981). Notwithstanding, it has been 
determined that the San Jerénimo Super-unit is oldest 
and the others follow in this order of decreasing age: 
Sayan, Puscao and Cafias. Zircon data corroborate 
these observations. Ages on the San Jerénimo and 
Sayan Super-units are virtually indistinguishable at 
68 Ma (see Table 17.1). Those on the Puscao and 
Cafias Super-units are only slightly younger at 66 Ma 
and 65 Ma, respectively. 

We pointed out earlier that there are temporal 
problems in some plutonic groupings particularly in the 
Paccho Super-unit. Samples from this super-unit yiel- 
ded K-Ar preferred ages of about 95 Ma (Cobbing ¢f al., 
1981). However, zircon ages on a sample collected from 
outcrops between Quebradas San Antonio and Negro 
along the Rio Santa Eulalia are at 39 Ma. This finding 
requires re-examination of the Paccho Super-unit as it 
may include a few previously unrecognized Tertiary 
intrusions. We have named this dated Eocene rock the 
San Pedro pluton, after the village of San Pedro de 
Casta. 

Similar age problems have been encountered in a 
granodiorite along the Rio Santa Eulalia that has been 
mapped as a member of the Santa Rosa Super-unit. 
This particular pluton was emplaced at 59 Ma, which is 
considerably later than the rest of the super-unit. 
Identical results have been obtained by Beckinsale (this 
volume) using the Rb-Sr dating method. These data 
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suggest that the intrusion under consideration may be a 
separate entity, and we have named it the Santa Eulalia 
pluton after the Rio Santa Eulalia. 

With zircon ages at 36-37 Ma, the Pativilca monzo- 
granite is the youngest super-unit in the Lima segment. 
Although its petrologic and geochemical characteristics 
are very similar to those of the Sayan monzogranite 
(McCourt, 1978, 1981), age differences between the two 
are sufficient to warrant treating them differently. 


Arequipa and Toquepala segments 


Our zircon U-Pb work in the Arequipa and 
Toquepala segments is very preliminary. At present, we 
have data on only one sample each of the Tiabaya, 
Pampahuasi and Linga Super-unit exposures along the 
Rio Pisco, 200 km south-east of Lima, and one sample 
each from the Cerro Verde stock and Yarabamba 
Super-unit near the city of Arequipa. These data are 
also summarized in Table 17.1. 

Results show that the Linga monzonite along the Rio 
Pisco was emplaced at 101 Ma, and that the 
Pampahuasi tonalite of the same area followed at 
94 Ma. Both super-units intrude and isolate blocks of 
the Patap Super-unit, which is conclusive evidence for 
the latter being older than 101 million years in the Pisco 
Valley. The third date in this valley has been obtained 
on zircon from the tonalitic variety of the Tiabaya 
Super-unit. It is internally concordant at 78 Ma. 

Farther to the south-east, zircon samples from the 
Yarabamba ‘granodiorite’ 2km south of the town of 
Yarabamba indicate that the super-unit was emplaced 
at 67 Ma. We have observed that textural and com- 
positional similarities between large portions of the 
Yarabamba and Linga Super-units raise the possibility 
of a genetic relationship between the two. Then, 
whether or not the Rb-Sr isochron of 68 + 3 Ma by Le 
Bel (1979) on the Linga Super-unit represents its 
primary crystallization age in the Arequipa region 
remains an unsettled matter. Accordingly, zircon ages 
on Linga samples from these southernmost exposures 
become highly desirable. 

Finally, we have obtained data from the Cerro Verde 
porphyritic quartz monzonite which suggest emplace- 
ment at 61 Ma. Since this pluton and others like it 
provided the heat and perhaps some of the fluids 
necessary in the generation of spatially associated 
hydrothermal systems, we conclude that porphyry 
copper deposits of Cerro Verde- and Santa Rosa-type in 
the Arequipa region cannot be much younger than the 
quartz monzonite emplacement age. 


Comparison between U-Pb and K-Ar ages 


A direct comparison between U-Pb and K-Ar ages 
cannot be made since studies using the two isotopic 
systems carried out separate sampling programs. 
However, because of the limited access to the rugged 
terrain in the Coastal Batholith, most of the samples for 
the two studies were collected along the same river 
valleys. In fact, in some areas, efforts were made to 
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Table 17.2. Comparison between U-Pb and K-Ar ages for the 
Coastal Batholith* 


Ages (Ma) 
Super-unit Lithology K-Ar U/Pb 
LIMA SEGMENT 
Pativilca Monzogranite 33 37 
San Pedro (unit) Diorite-tonalite — 39 
Santa Eulalia (unit) Granodiorite -—- 59 
Cafias Monzogranite 61 65 
Puscao Granodiorite- 61 66 
monzogranite 
Sayan Monzogranite 61 68 
San Jeronimo Monzogranite 62 68 
La Mina Tonalite 66 71 
Humaya (unit) Granodiorite 73 73 
Santa Rosa Tonalite- 75-90 82-91 
granodiorite 
Paccho Diorite-tonalite 95 _ 
Jecuan Granodiorite 102 101 
Patap Gabbro 102 84—? 
AREQUIPA AND TOQUEPALA SEGMENTS 
Cerro Verde (unit) Monzonite 58 61 
Yarabamba Granodiorite 59 67 
Tiabaya Tonalite- 81 78 
granodiorite 
Incahuasi Diorite-tonalite 83 — 
Linga Monzodiorite- 97 101 
monzogranite 
Pampahuasi Tonalite 97 94: 
Patap Gabbro 102 = 
Ilo Diorite-tonalite 94-155 


*All K-Ar ages are from work by Stewart ef al. (1974), Wilson (1975), McBride 
(1977), Moore (1979), and Estrada (unpublished data). 


obtain samples for zircon U-Pb ages from the same 
outcrops sampled by Wilson (1975) for the K-Ar study, 
and this should permit a general comparison. 

The ages computed from the two dating methods are 
presented in Table 17.2. In most instances, the U-Pb 
ages are older than or equal to the K-Ar ages, and ina 
few others, the opposite is true. For the first case, U-Pb 
ages may be as many as 8 million years older than 
corresponding K-Ar ages, and for the second case, K-Ar 
ages may be as many as 3 million years older. The 3- 
million-year difference may not be significant within the 
analytical errors for the two systems. However, con- 
sidering the epizonal nature of the batholith, the bigger 
age difference of 8 million years seems to require 
radiogenic argon loss as an explanation. Multiple 
intrusive activity and hydrothermal systems would be 
adequate reasons for the argon loss. For example, the 
San Jeronimo and Sayan Super-units seem to have been 
reset to the K-Ar ages of the younger Puscao and Cafias 
Super-units. Intermediate age differences of about 
4 million years may be a reflection of the rapid cooling 
to be expected in epizonal environments. 

Similar observations were made by Chen and Moore 
(1982) while comparing their zircon U-Pb ages with K- 
Ar ages by Kistler e¢ al. (1965), Kistler and Dodge 
(1966) and Evernden and Kistler (1970) for the Sierra 
Nevada batholith of California. Here, some Cretaceous 
plutons show U-Pb and K-Ar age differences of 5 to 15 
million years, and this was attributed to argon loss 
caused by the emplacement of younger intrusions. The 
older Jurassic plutons reportedly have an even more 


complicated thermal history which severely reset the K- 
Ar system (Chen and Moore, 1982). 


Conclusions 


The following conclusions may be drawn from the 
zircon U-Pb ages. (1) Plutons of the Patap Super-unit 
were emplaced over a period of about 20 million years 
beginning in Albian times. (2) The Santa Rosa Super- 
unit, with emplacement ages at 91 to 82 Mais also fairly 
time-diachronous. (3) Zircon ages on the Humaya unit 
at 73 Ma and the La Mina Super-unit at 71 Ma give a 
limit of only about 2 to 3 million years for the 
emplacement of the Santa Rosa dyke swarm. This 
observation demonstrates that periods of extensional 
and/or relaxed tectonics can alternate with compre- 
ssional stress regimes, at convergent plate boundaries, 
on a very short time-scale. (4) Super-units in the 
centred complexes of the Lima segment are indeed very 
close in age. The San Jerénimo and Sayan Super-units 
may have been emplaced contemporaneously in the 
Huaura centred complex at 68 Ma, and the Puscao and 
Cafias Super-units followed a short time later at 66 Ma 
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and 65 Ma, respectively. (5) The Paccho and Santa 
Rosa Super-units, as mapped, may include a few 
previously unrecognized Tertiary plutons. (6) Vast 
differences in the ages of the Pativilca monzogranite 
(36-37 Ma) and the Sayan monzogranite (68 Ma) may 
be sufficient to warrant their separation into two 
different super-units. (7) Zircon ages on the Tiabaya 
(78 Ma), Pampahuasi (94 Ma) and Linga (101 Ma) 
Super-units in the Rio Pisco Valley are in remarkably 
good agreement with the K-Ar ages by Moore (1979) 
which supports rapid cooling and a simple thermal 
history for this area. (8) The Yarabamba ‘granodiorite’ 
in the Arequipa plutonic complex was emplaced at 
67 Ma. Its textural and compositional similarities with 
the Linga Super-unit raise the possibility of a genetic 
relationship, and a similar emplacement age for the 
latter in this region. (9) Finally, the porphyritic quartz 
monozonite which controlled hydrothermal activity 
and sulphide ore formation at Cerro Verde and Santa 
Rosa was emplaced at 61 Ma. We therefore consider 
this to be close to the age of the porphyry copper 
mineralization in this area. 
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The chemical variation and evolution of the super- 
units of the segmented Coastal Batholith 


Michael P. Atherton and L. Michael Sanderson 
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Super-units of the Coastal Batholith commonly have distinctive chemical characteristics indicating that they have evolved, by 
JSractionation, from specific magma batches. In detail some super-units are made up of more than one magma batch which 
indicates that petrological and geological details at the surface may obscure fundamental differences of source genesis. The 
majority of the super-unit liquids evolved by precipitation of plagioclase ( > 40°%, ) + hornblende + pyroxene + biotite + 
magnetite and perhaps K-feldspar and quartz in the highly evolved ring complex super-units. However magma mixing may 
be important locally. 
Partial melting of ‘enriched’ spinel peridotite in the mantle wedge, beneath the edge of the South American continent, 
Sollowed by fractionation involving mainly olivine and clinopyroxene, produced the tonalitic or dioritic magmas from which 
the rocks of the Coastal Batholith evolved. 


In this chapter the chemistry of the individual super- 
units as defined in the field by Pitcher, Cobbing and 
others (see Chapter 9) will be reviewed. A brief synopsis 
of the field characteristics and petrology, particularly 
data relating to super-unit characterization is given in 
Table 9.1. No attempt will be made here to describe fully 
the mineralogy or petrology. For details of these see 
Mason (Chapter 14) and the references in Table 9.1. 
Analysed samples came in the main from the traverses 
shown in Figure 18.1 and the super-units of the 
Arequipa, Trujillo and Lima segments will be discussed 
in that order. Initially it is assumed that the super-units 
evolved to their present variation mainly by fractional 
crystallization, although in the discussion a brief syn- 
opsis of the evidence for this is given. This model has 
been discussed in detail by Atherton etal. (1979), 
McCourt (1981), Atherton (1981), Cobbing et al. 
(1981), Bussell (1983d), Le Bel e¢ al. (in press, and this 
volume). 

This chapter aims to explain the chemical variation 
observed within super-units and segments, and between 
segments. The chemical character of a super-unit is 
described and it will be seen that some super-units are 
made up of more than one chemically coherent partial 
melt. Even so, many super-units have a specific chemi- 
cal character recognizable over very long distances. 
More detailed treatment of some individual super-units 
is given in Chapters 12, 13 and 17. 


Arequipa segment 


Pampahuasi Super-unit 


This super-unit has a smaller outcrop than the other 
super-units of the Arequipa segment, and is limited to 
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Figure 18.1 Location of sample traverses taken, and segments of 
the Coastal Batholith. The Casma Complex lies just S of traverse C. 


the Pisco-Ica region (Figure 18.1); the main units are 
tonalite and quartz monzodiorite (Figure 18.2). 
Chemically the rocks show little variation (SiO, : 
58-61%, Figure 18.3), but the increase in Rb, decrease 
in Sr and Rb/Sr with increasing SiO, content and the 
constant Y values are consistent with the modal va- 
riation, which suggests plagioclase + hornblende or 
clinopyroxene + minor (plagioclase + hornblende) ex- 
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Figure 18.2. QAP diagram, showing the modal classification of the 
super-units of the Arequipa segment, rock fields modified after 
Streckeisen (1976). 1, syenogranite; 2, monzogranite; 3, grano- 
diorite; 4, tonalite; 5, quartz monzonite; 6, quartz monzodiorite; 7, 
quartz diorite; 8, gabbro. Incahuasi data in part from Moore (1979). 


traction (cf. Moore, 1979). The REE plot (Figure 18.4) 
shows a marked europium anomaly (Eu/Eu* ~ 1.6) 
which confirms the role of plagioclase in the fractio- 
nation of these rocks. In many respects the Pampahuasi 
rocks are chemically similar to those of the Incahuasi 
(see Appendix la), especially with respect to REE. 


Linga Super-unit 


The super-unit was studied near Arequipa, the 
Rio Pisco, and Rio Yauca (Figure 18.1). It varies 
continuously from gabbro through to syenogranite 
(Figure 18.2) and is discussed in detail in Chapter 12. 

Major element analyses (Appendix la) reveal the 
relatively high K,O and low Na,O contents character- 
istic of the Linga Super-unit (note the Na,O/K,O ratio 
compared to the rest of the batholith). Harker diagrams 
(Figure 18.3) show the Arequipa rocks lie on a good 
linear trend, but the Pisco section rocks show some 
scatter, presumably related to the hydrothermal alter- 
ation in this section. Strong depletion in CaO and an 
increase in K,O with increasing acidity reflect the 
pronounced modal variations in plagioclase and K- 
feldspar. Note the K,O range (1.1 to 5.8%) is the 
greatest seen within a super-unit in the Coastal 
Batholith. There are difficulties in classifying these high 
K-rocks, cf. Gulson (1972), but the textures and geology 
indicate they are the result of igneous processes and not 
due to hybridization as suggested by Stewart (1968). 

Trace element variation in the Linga Super-unit 
(Figure 18.5) shows the data from the Arequipa section 
plots on systematic curvilinear trends, whereas the data 
from the Pisco section is much less systematic, plotting 
above or below the Arequipa trend, e.g. Y, Zr, Zn, Sr, 
Ba (Figure 18.5). Marked differences in Rb and some 
other elements in the two sections are probably due to 
loss during late stage alteration (Atherton e¢ al., 1979) 
although immobile elements such as Y, Zr, and Zn 
show systematic differences attributable to two distinct 
magmas. The decrease in K/Rb reflects A}/*? 
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Figure 18.3. Harker diagrams of major elements of rocks of the 
Arequipa segment. Note trends A_ (Pisco—Ica) and B 
(Yauca—Arequipa) in the Tiabaya Super-unit as defined by different 
Na,O contents. 


liquids derived by fractionation involving these two 
phases will show a decrease in K/Rb ratio. Ba levels are 
different in the two suites, but tend to peak at about 
DI~68 then deplete due to incorporation in K- 
feldspar. Y is incompatible, and increases slightly 
towards acid compositions, and on a CaO-Y diagram 
(Figure 18.6) a calc-alkali trend can be seen, which 
results from plagioclase—hornblende—clinopyroxene 
dominated crystallization (Lambert and Holland, 
1974). Similar fractionation schemes could also explain 
the Y/Zr trends (Figure 18.6). Zr increased throughout 
both suites; notably 7.43 from the Pisco section is 
enriched in Zr, Y and REE. As the Ba and Rb values are 
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Figure 18.4 Chondrite normalized REE plot of rocks of the (a) 
Pampahuasi, (6) Incahuasi, (c) Linga (Arequipa), (d) Linga (Pisco, 
Yauca), (e) Tiabaya (Pisco), (f) Tiabaya (Yauca, Arequipa), (g) 
Senal Blanca (Chicama) and (/) Senal Blanca (Santa) Super-units of 
the Lima and Trujillo segments. 


normal this does not seem to be due to simple LILE 
enrichment. Noticeable is the Zr range of the Arequipa 
rocks (47—454 ppm) which is the largest of the batholith 
and testifies to the extended differentiation in this suite. 
The role of plagioclase fractionation is indicated in the 
strong correlation of modal plagioclase with Sr content 
(Figure 18.6). The Linga rocks have low transition 
element concentrations, cf. Gill (1978), comparable 
with other orogenic andesite suites. 

The TiO, v. Zr variation (Figure 18.6) is linear, and 
clearly magnetite precipitation has not been important 
during fractionation. The observed trend may be 
modelled by plagioclase + hornblende + biotite frac- 
tionation, with clinopyroxene and olivine involved at 
more basic compositions (see Table 18.1). 

The REE data for the Linga Super-unit rocks 
(Figure 18.4) indicate they behave incompatibly 
(Ce/Yb ratios increase with acidity). Generally the 
relatively enriched LREE/HREE pattern is similar to 
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other continental margin rocks (Frey etal., 1978; 
Lopez-Escobar et al., 1977; Thorpe et al., 1976). The 
flat HREE and limited enrichment implies a garnet- 
free residuum in the source region. In most rocks there is 
a pronounced negative europium anomaly (Eu/Eu* 
ranges from 1.0 to 0.49). The anomaly correlates well 
with CaO and DI, emphasizing again the importance of 
plagioclase fractionation in the evolution of the Linga 
Super-unit. Notable is the higher REE content of the 
Pisco and Yauca rocks compared to the Arequipa suite. 
The near constant values for the HREE during 
differentiation are due to the fractionation of horn- 
blende at basic and intermediate compositions in 
which KR > 1. 


Incahuasi Super-unit 


This super-unit was studied in the Rios Pisco, Ica and 
Yauca traverses (Figure 18.1) and varies from quartz 
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Figure 18.5 Trace element v. DI plots for rocks of the Linga Super- 
unit; note the good curvilinear relationships for the Arequipa rocks. 
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Figure 18.6 (a) CaO-Y relationship of rocks from the Linga 
Super-unit. (6) Y—Zr plot of rocks from the Linga Super-unit, vectors 
calculated from Kp values of Pearce and Norry (1979) for basic (4), 
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rocks from the Linga Super-unit; vectors as in (4). Symbols as in 
Figure 18.5. 
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Figure 18.7 Trace element v. DI plots of Incahuasi Super-unit 
rocks from the Pisco, Ica and Yauca traverses. Curves on this and 
other diagrams for guidance only, 


diorite to monzogranite (Figure 18.2). The major ele- 
ment relationships are simple (Figure 18.3) and there is 
little evidence of hydrothermal reaction as seen in the 
Linga Super-unit. K,O contents for any given SiO, 
values are higher than in the Lima Segment rocks but 
the same or less than in the Linga Super-unit. The most 
basic rock is low in K,O and high in CaO and is 
strongly foliated. It may well be a marginal facies. The 
trace element variation also indicates a coherent 
variation in the rocks from the two traverses 
(Figure 18.7). There is no evidence for distinct magma 


70 
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50 60g 


batches in this super-unit. Rb and Ba increase with DI 
and compare well with literature values (Taylor, 1969; 
Wedepohl, 1972) ; K/Rb values are lower than those in 
the super-units of the Lima section (cf. Linga), and are 
nearly constant over the whole DI range (Figure 18.8). 
Y behaves compatibly (Figure 18.7) due to removal of 
hornblende and/or augite with the latter dominating in 
more basic compositions (cf. to the Tiabaya Super- 
unit). Zr shows a curved distribution, with a maximum 
at about DI = 58. It could represent a new mineral 
fractionating or a change in the proportion of the 
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from the Pisco, Ica and Yauca traverses. (d) 
plot of the Incahuasi Super- 
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Y~—Zr plot and (c) Rb-Zr 
unit rocks; vectors as in Figure 18.6(4). 
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Figure 18.9 (a) P,O, v. DI; (b) Lav. DI and (c) Nd v. DI for rocks 
of the Incahuasi Super-unit; symbols as in Figure 18.8. 


minerals fractionating, with new Kp values as magma 
temperatures and compositions changed. As the mi- 
neral assemblage seems to have remained the same the 
second possibility seems likely. Study of Zr-Y and Zr- 
Rb relationships indicates clinopyroxene, then mainly 
hornblende were the main M/FM phases precipitating. 
The Rb »v. DI variation confirms this (Figure 18.7), in 
that it tends to be convex upwards due to plagioclase 
and augite having A~?~O while hornblende has a 
value ~ 0.3. 

REE data for the Incahuasi rocks are plotted in 
Figure 18.4. The plots are similar to those of the Linga, 
e.g. an increasing Eu anomaly with increasing DI, 
marked fractionation of the LREE, with the La-Sm 


@ Pisco-ica 
@ Yauca 


O Arequipa 


500 


K/Rb 


100 


part of the curve having a convex upwards con- 
figuration and flat HREE, consistent with hornblende 
and (lesser) clinopyroxene fractionation. The REE 
data do not cover the whole differentiation range and 
the XRF data for La, Ce, Nd and Y indicate slight 
decreases at acid compositions (Figure 18.9). This 
LREE behaviour is difficult to explain readily in terms 
of fractionation. As large degrees of fractionation of 
hornblende would produce large depletions of HREE, 
so perhaps apatite and/or sphene in very small amounts 
were responsible, although no inflections in the Y or 
P,O, v. DI curves were observed (Figures 18.7, 18.9). 


Tiabaya Super-unit 


Rocks of this super-unit, cropping out over 900 km of 
the segment, were studied from the Rios Pisco and 
Yauca and around Arequipa (Figure 18.1). They are 
granodioritic and tonalitic in composition (Figure 
18.2). SiO, contents of the analysed samples are limited 
(65-69%), but the variation of the major oxides v. DI is 
coherent although Al,O,, K,O and Na,O show some 
scatter, which relates to variations in modal feldspar in 
the rocks. Two discrete trends can be seen in the Harker 
diagram (Figure 18.3), relating to Na,O component in 
feldspar. The Pisco-Ica Tiabaya (trend A) evolved from 
a more sodic-rich magma than the Yauca-Arequipa 
magmas (cf. Linga Super-unit over the same section). 

Trace element variation is limited (cf. Figure 18.3) 
and there is no relation to geographic position; ge- 
nerally K/Rb decreases (Figure 18.10), but the high 
values compared to ‘normal’ calc-alkali rocks emphas- 
ize the low Rb content of the Tiabaya Super-unit. The 
decrease in Y with increasing DI indicates hornblende- 
dominated fractionation (KR > 1, Pearce and Norry 
(1979)) a feature confirmed by the Ca-Y plot (Figure 
18.10); the Tiabaya being an example of the ‘horn- 


Figure 18.10 (a) CaOv. Y; (b) Y v. Zr; (c) K/Rbv. DI; (d) TiO, v. 
Zr plots for the Tiabaya Super-unit. Vectors relate to intermediate 


compositions. 
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© Santa 


Figure 18.11 Modal classification of the Senal Blanca Super-unit 
in the Chicama and Santa valleys. Fields as in Figure 18.2. 


blendic series’ of Lambert and Holland (1974). The Y- 
Zr relationship (Figure 18.10) is also compatible with 
this, thus hornblende (Kf = 0.04, K¥ = 3.5) plus sub- 
ordinate plagioclase (K%" = 0.04, KX =0.05, Pearce 
and Norry (1979)) would produce the relevant trends. 
Variations in the transition metals are small, with 
depletion being most marked for V (97-71 ppm) and Sc 
(15-6 ppm). Ti-Zr relationships (Figure 18.10) are ad- 
ditional evidence for fractionation of hornblende and 
subsidiary plagioclase while magnetite, because of the 
high Kp) ( x 9), is ruled out (cf. also V) ; both show only 
slight depletion. The REE data indicates the Rio Yauca 
rock is relatively REE enriched compared to the Ica, 
Pisco and Arequipa rocks. All patterns are similar with 
LREE enrichment (Cey/Yby, 10-16), HREE fractio- 
nation is limited with flat distributions, while Eu 
anomalies are absent or slightly negative which is 
consistent with plagioclase plus hornblende 
fractionation. 


Trujillo segment 


Senal Blanca Super-unit 


Samples from this super-unit were collected from 
the Chicama and Santa sections (Figure 18.1) and 
compositions range continuously from tonalite to 
syenogranite (Figure 18.11). SiO, ranges from 60°,~ 
74%. The trace elements from both traverses show a 
marked coherence; Rb increases with DI, Ba shows a 
characteristic concave downward shape (Figure 18.12) 
resulting from biotite crystallization, which also de- 
pletes Rb (AR? ~ 6.4, KR? =~ 3.3, Arth, 1976) and con- 
strains the amount of biotite involved. K/Rb values are 
low compared to the super-units of the Lima segment, 
and increase, then level out, with increasing DI. The 
Rb v.Sr relationship demonstrates the importance of 
plagioclase loss and the kink in the Rb v. Ba curve 
(Figure 18.13) demonstrates the incoming of biotite 
during fractionation. Zr and Y behave incompatibly 
until acid conditions when Zr depletes relative to Y. 
Hornblende cannot be responsible for this as 
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Figure 18.12. Trace element v. DI plots for rocks of the Senal 
Blanca Super-unit, from the Chicama and Santa sections. 
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Figure 18.13 (a) Bav. Rb; (b) Srv. Rb plots of rocks from the Senal 
Blanca Super-unit; vectors as in Figure 18.6(d). 
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K% hble < Kf hble (Pearce and Norry, 1979); indeed 
the amount of hornblende is small. Apatite is present 
throughout, whereas sphene is found only in the later 
granites and may cause the depletion in Zr. No zircon 
was observed in these rocks. Depletion in Ti and Cr 
suggests the crystallization of magnetite + ilmenite, or 
titanomagnetite. 

The REEs vary systematically with increasing SiO, 
(Figure 18.4), the enrichment being most pronounced 
for the LREEs. The HREEs have a declined con- 
figuration. Additionally the negative Eu anomalies 
increase in magnitude as the total REE contents 
increase (Eu/Eu* = 0.30—0.74). The prominent Eu 
anomaly is compatible with plagioclase-dominated 
fractional crystallization and the incompatible nature 
of the HREE limits the amount of hornblende that 
could have been removed. 


Lima segment 


The petrology and chemistry of the Lima segment 
super-units is specifically described in Atherton et al. 
(1979) and McCourt (1981); the work presented here 
extends the data base of these super-units, with parti- 
cular reference to the REE. 
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Figure 18.15 Chondrite normalized REE plots of rocks from (a) 
Santa Rosa—Nepefia and their field name; (b) Santa Rosa-Huaura, 
with field name; (c) the two traverses through the Santa Rosa Super- 


Paccho Super-unit 


Modal classification of the super-unit is shown in 
Figure 18.14. The SiO, contents of the Paccho rocks are 
very similar, in the region of 60%, except for the 
localized monzogranite facies and the basic tonalite 
from the Fortaleza (Appendix 1(5)). Trace element 
plots show some scatter probably related to the exten- 
sive alteration in this super-unit, nonetheless Rb and 


Q 


@ Canas 

0 Pativilca 

A Pariocoto 

A Sayan 

tm Paccho 

@ San Jercnimro 
© Puscao 

@ Nepena 

® Fortaleza 

O Huaura 


Figure 18.14 Modal classification of some super-units and plutons 
of the Lima segment; selected data only (for fields see Figure 18.2). 


b+ 100 


Santa Rosa (Huaura) 
50 


10 
5 3 
° 
= 
oO 
> 
100 § 
a 
Paccho = 
oO 
50 
10 
D 
5 ° 
° 
a 
Py 
Zz 
100$ 
o 
Pativilca = 
oO 


Canas 


oa 
fo} 


Sayan 


ro. ee T T T 
LaCePrNd SmEuGdTb Dy HoErTmYbLu 


unit, envelopes limiting the data for a particular area; (d) Paccho 
Super-unit; (e) the ring complex super-unit—Puscao, San Jeronimo 
and La Mina; (f) the late granites of Pativilca, Sayan and Cajfias. 
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Sr behave normally for a fractionated series, Y in- 
creases, while the CaO-Y plot, though limited, shows an 
L-shaped trend (Lambert and Holland, 1974) and the 
K/Rb ratio decreases with increasing SiO, content. 
Such relationships are compatible with plagioclase- 
dominated fractionation (note the large plagioclase 
mode; usually above 50% in all rocks, with the 
exception of the monzogranite. The Fortaleza rock is 
more basic than the rest and Sr, V, Ti, Zn levels are 
much lower than predicted by back extrapolation of the 
Huaura rocks, suggesting some heterogeneity exists 
within the Paccho Super-unit. 

The REE data for the most basic rock from the 
Huaura is plotted in Figure 18.15. Its form is similar to 
others from the batholith, with a small negative Eu 
anomaly (Eu/Eu* = 0.83) consistent with fractional 
crystallization involving plagioclase. 


Santa Rosa Super-unit 


The super-unit has been studied in the Nepefia, 
Fortaleza and Huaura valleys (Figure 18.1). It is the 
largest super-unit in the Lima segment and _ varies 
continuously from quartz diorite to monzogranite 
(Atherton, 1981, and Figure 18.14). 

The chemistry of the super-unit has been detailed by 
Atherton e¢ al. (1979), Atherton (1981) and McCourt 
(1981), so only the recent work on REE and additional 
data will be discussed here. Previous work specifically 
established the nature of the Santa Rosa Super-unit and 
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Figure 18.16 Harker diagram showing major element distri- 
butions, Santa Rosa Super-unit, from the three traverses: Huaura, 
Nepenia, Fortaleza. 
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the differences between the super-units in the Huaura 
and Nepefia traverses (Figure 18.1). Major element 
analysis confirms the earlier conclusions from the two 
traverses (Figure 18.16), thus SiO, ranges: 59-77% 
Huaura, 52-71% Nepefia and 61-68% Fortaleza (the 
intermediate traverse). From this it can be seen that the 
Huaura rocks are the most evolved, in terms of SiO, 
range, and the Fortaleza the least. It is difficult to 
differentiate between the comparable equivalent rocks 
in the three sections on the basis of the major elements, 
but on a Ab-An-Or-Qtz ( — H,O) diagram the Huaura 
and Nepefia suites define very different crystallization 
paths in the plagioclase field at high angle to the quartz 
saturation surface (Atherton ef al., 1979; McCourt, 
1981). This is the result of evolution from different 
magma batches. 

The trace element data generally support the earlier 
data of Atherton et al. (1979) and McCourt (1981), 
with the Fortaleza rocks possibly defining an in- 
termediate or different trend in Rb, Sr, Ba, Zr, Y v. DI 
diagrams (Figure 18.17). Rb values of the Huaura suite 
are low compared to typical calc-alkaline plutonics, 
giving high K/Rb ratios. In contrast the Nepefia suite 
has a higher and hence more ‘normal’ K/Rb ratio. The 
Fortaleza Suite has even lower Rb contents than the 
Huaura and hence a higher K/Rb ratio. Sr is higher in 
the Huaura rocks and correlates well with Ca and 
modal plagioclase and the depletion in all suites 
indicates the importance of Ca plagioclase precipitation 
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Figure 18.17 Plots of selected trace elements v. DI, Santa Rosa 
Super-unit sampled in the Huaura, Fortaleza and Nepeiia traverses 
(see Figure 18.1). Guidelines drawn through the data from the 
Nepefia and Huaura traverses. 
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in the evolution of the later liquids. Co, Cr, Zn, V, Sc 
and Ti show very good negative correlations with DI 
but there are no significant differences between 
traverses. 

Of all the trace elements, Y shows the greatest 
contrast between the two traverses, thus in the Huaura 
suite it is depleted with increasing fractionation, while 
in the Nepefia suite it behaves incompatibly in the basic 
rocks before becoming impoverished in the more evol- 
ved rocks. GaO-Y and Rb »v. DI (Figures 18.17, 18.18) 
as well as the persistence of pyroxene in the Nepena 
suite indicate clinopyroxene + plagioclase _ fractio- 
nation dominated initially, and hornblende replaced 


200 


30 


the pyroxene at a late stage. In contrast the Huaura 
rocks may result from hornblende + plagioclase fractio- 
nation (see also McCourt, 1981). Biotite involvement at 
a late stage, particularly in the Huaura suite, is seen in 
the Ba depletion (K#* bio~ 9: Hanson, 1978). Zr-Y 
relationships (Figure 18.18) show the three main stages 
in the evolution of the Santa Rosa rocks: the first stage 
(at Nepefia) is mainly dominated by clinopyroxene 
fractionation, the second involved hornblende, the 
third phase introduced biotite which is well seen only in 
the Huaura rocks. Zr/Rb, Zr/TiO, and Rb/Sr re- 
lationships (Figure 18.18) are all compatible with this 
explanation. 


REE analyses of the Nepefia rocks (Figure 18.15) 
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(e) Sr v. Rb plots of rocks of the Santa Rosa Super-unit from the 
Nepena and Huaura traverses. Vectors as in Figure 18.6(4). 
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show the LREEs tend to behave compatibly and 
HREEs are near constant or slightly incompatible; 
slight to moderate negative anomalies in all the rocks 
indicate the importance of plagioclase fractionation. In 
the Huaura rocks, only the granite shows a negative Eu 
anomaly. The absence of a Eu anomaly is due to 
hornblende + plagioclase coprecipitation (1:2, Hanson, 
1978), while the presence of one in the less evolved 
Nepena rocks indicates the importance of clino- 
pyroxene + plagioclase fractionation (Kp'’ cpx< 
KREhble). The granite is slightly depleted 
in intermediate and LREE, but values of HREE 
(Tb onwards) are very close to, or slightly higher than, 
the adamellite. Both are slightly depleted relative to the 
more basic rocks. 


Humaya Super-unit 


This super-unit was originally included in the Santa 
Rosa but is chemically distinct (McCourt, 1981). It was 
studied in the Huaura and Nepefia valleys (Figure 
18.1) and varies from leucogranodiorite to monzo- 
granite. Chemically the Humaya rocks of the Huaura 
are distinguished by high Sr and low contents of 
lithophile elements, especially REE (La, Ce, Nd) and Y 
(Appendix | (4)). Transition element abundances are 
also low compared to equivalent Santa Rosa rocks. The 
Nepefnia rocks are distinctive but not so extreme. 


Ring complex Super-units 


In the Lima segment a major dyke swarm separates 
the earlier tonalites from the more granitic super-units 
which form the ring complexes. Each shows a distinctive 
chemistry although they have a restricted compo- 
sitional range and are often highly evolved (Atherton 
et al., 1979; McCourt, 1981). ‘They have ambiguous 
relative ages and may well have coexisted together (see 
Bussell and Beckinsale, this volume). 
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Figure 18.19(a) Ca v. Y; (b) Y v. Zr; (c) Srv. Rb; plots of selected 
rocks from the ring complex super-units: La Mina, San Jeronimo and 
Puscao. Vectors as in Figure 18.6(4). 
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San Jero6nimo Super-unit 


Samples were analysed from the Huaura, Fortaleza 
and Casma complexes (Figure 18.1). The super-unit is 
rather variable with monzonite, monzogranite and 
granophyre dominating. The more basic Andahuasi 
facies and the hybridized rocks were not studied. A 
detailed study of this super-unit is given in Chapter 13 
and has been discussed previously in some detail by 
Bussell (1975), Bussell and McCourt (1977), Atherton 
(1981) and Bussell (19836). 

Chemically the rocks are usually highly evolved, of 
granitic composition (70-75% SiO,, Appendix | (4)), 
and on an An-Ab-Or-Qtz (-H,O) plot form a unique 
path ending near to or on the quartz-K-feldspar 
quaternary cotectic (Atherton ef al., 1979; McCourt, 
1981). Trace element chemistry from the three areas is 
similar, although the Casma samples have higher Y, Zr, 
Rb and lower Ba. Rb and Y increase, Ba peaks at 
DI = 85, Sr, V and Ti decrease while Zr is constant over 
much of the compositional range but is depleted in the 
most acid rocks. The CaO-Y relation is unique in the 
batholith (Figure 18.19), and together with the Srv. Rb 
data (Figure 18.19) is compatible with plagioclase 
precipitation. However the Zr depletion indicates a 
mineral other than hornblende, because of the increas- 
ing Y, must also be involved. Zircon is present and 
could cause the trends seen. Zr/Y and Rb/Sr re- 
lationships confirm that the fractional crystallization of 
plagioclase plus biotite could cause the variation seen 
(Figure 18.19). The transition element chemistry in- 
dicates only minor amounts of mafic minerals were 
involved in the precipitation process. Generally the San 
Jeronimo rocks are thought to have evolved from the 
monzogranite, and the varying textures result from 
volatile loss and quenching (McCourt, 1981; Atherton, 
1981). REE data for the most evolved granophyre 
(Figure 18.15), shows a very prominent Eu anomaly 
(Eu/Eu* =~ .33) due to plagioclase extraction. The 
REE are fractionated increasingly from heavy to light, 
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and the Cey/Yby ratio (4.1) is low compared to the 
granites of the Coastal Batholith as a whole. Rb, Zr are 
also low indicating the magma is depleted compared to 
other super-unit magmas. 


La Mina Super-unit 


The two intrusions of La Mina, in the Huaura and 
Supe valleys (Figure 18.1), have the same petrology 
(tonalite and granodiorite) but different chemistries, 
although in both, Zr, Rb and Ba all increase with 
increasing DI. Sr enters Ca sites in plagioclase and a 
correlation with modal plagioclase is clear. CaO-Y 
trends (Figure 18.19) indicate the constant Y value 
(==27ppm) can be modelled by fractional crystalli- 
zation of plagioclase + hornblende in about equal 
proportions ‘(compare to Zr-Y and Rb-Sr plots 
(Figure 18.19) which suggest more plagioclase). REE 
analysis on an inner granodioritic facies rock shows a 
negative Eu anomaly (Eu/Eu* =0.6) and LREE 
enrichment ((Cey/Yby = 6) with little relative fractio- 
nation of the HREE (Figure 18.15). These data 
indicate the importance of plagioclase precipitation 
during fractionation. 


Puscao Super-unit 


This important super-unit crops out over a distance 
of 270 km and was studied in the Huaura, Fortaleza and 
Casma complexes (Figure 18.1). It varies from tonalite 
through granodiorite to monzogranite + aplite (Figure 
18.14). In detail it shows complex mixing features as 
well as the variation described here, which we attribute 
in the main to fractional crystallization. For the 
evolution of this super-unit see Bussell (Chapter 13). 
It shows an SiO, range of 61-77% and has a calc- 
alkaline character (Taylor, 1973). The trace 
elements are consistent from area to area although 
the Nepefia rocks have lower Rb and the Forteleza, 
higher Zr than the Huaura equivalents. The aplite 
facies (the only one in the batholith) is depleted in 
Ba and Zr, and the Ca-Y trend indicates the importance 
of hornblende and biotite precipitation (Figure 18.19). 
Sr depletion indicates the importance of plagioclase 
fractionation, while Zr-Y and Rb-Sr relationships 
(Figure 18.19) indicate hornblende-plagioclase fra: fraction- 
ation with biotite contributing at acid compositions. 
REE determinations on a rock from the Huaura and 
from the Forteleza (Figure 18.15) show subparallel 
trends, with the Huaura rock having higher total REE 
and a large Eu anomaly reflecting its more evolved 
character. The HREEs are flat and the LREEs are 
considerably enriched (Cey/Yby* = 6.5-8.5). The 
vertical variations in this super-unit are considered 
in Chapter 17. 


Late stage granites 
The ultimate episode of batholith growth is repre- 


sented by a number of single plutons which are 
generally homogeneous, coarse-grained and often con- 


tain large K-feldspar megacrysts. Outcrops are con- 
fined to the Lima segment and include Sayan and 
Cafias plutons of the Huaura complex (Figure 18.1) 
and the Pariacoto intrusion of the Casma complex 
(Figure 18.1). Pegmatite facies are common but of very 
limited volume, especially in roof zones where horizon- 
tal pegmatite and aplite sheets are often found. These 
are the only ‘granites’ with pegmatites and hence were 
the only water saturated magmas of the Coastal 
Batholith. 

The DI of Sayan and Cafias rocks range from 86-93 
(SiO, contents > 72%). These two magmas are very 
similar in trace element contents and may be differen- 
tiated from the same magma (see McCourt, 1981). The 
tight clustering of much of the trace data makes it 
difficult to generalize about the crystallization path in 
any single pluton, although over the whole data set Rb 
increases, Sr and CaO decrease and Zr remains 
constant. 

The REE data (Figure 18.15) indicate LREE fractio- 
nation (Cey/Yby ~ 6), Eu anomalies in both Sayan and 
Cafias rocks (Eu/Eu* ~ 0.38) suggest plagioclase 
removal during the earlier history of these rocks. Flat or 
slightly decreasing HREE distributions, similar to the 
previously described acid rocks of the earlier super- 
units, suggest a similar evolution path from a more basic 
parent (see section on REE evolution). 


Discussion 


High level evolution 


Each super-unit has its own chemical signature 
related to a basic to acid rhythm, which can be mapped 
in the field. This has been interpreted in terms of 
differentiation at or near the present level (Pitcher, 
1978; McCourt, 1981; Atherton ef al., 1979, Atherton, 
1981). Similar results have been obtained elsewhere 
(Bateman and Dodge, 1970, White e¢ al., 1977). 

In Peru some super-units outcrop over great dis- 
tances (~400km), whereas others have only a limited 
areal extent. Presumably the simplest super-unit could 
take the form of a single pluton, concentrically zoned, 
without disconformity, from a basic margin to an acid 
core. In the field many super-units show sharp internal 
contacts, indicating surges and/or magma pulsing from 
below. Such multiple pulsing of magma from below 
may destroy all vestiges of concentric zonation or may 
even give rise to discrete plutons connected only at 
depth during the time of differentiation. 

In the Coastal Batholith all types occur from the 
simple ‘in-situ’ gradational types, e.g. Gafias, through 
super-units with crude zonal outcrops and some in- 
ternal contacts to super-units which are discrete and 
recognizable in the field but the basic to acid variation 
shows no coherent geometric form, e.g. Tiabaya. 

Two ‘simple’ type plutons were studied by Taylor 
(1973) using response surface analysis (Chapter 17). 
Both are limited in compositional range, and both 
appear to have formed by ‘in-situ’ crystallization. One 
of the two, Puscao, shows large-scale layering considered 
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by Taylor (1973) to result from ‘in-situ differentiation 
with crystal settling’. Atherton (1981) reinterpreted this 
in terms of crystallization from the base upwards with 
differentiation enhanced by boundary layer convection 
and possibly thermogravitational diffusion. There is no 
evidence at these high levels in the crust, i.e. within 
1—3 km of the surface (Atherton and Brenchley, 1972), 
of wall rock interaction (see also Taylor, 1973). 
Generally the late plutons are relatively more acid, 
are less clearly zoned, or show vertical variation, and 
form the mobile vapour-rich monzogranites of the high- 
level ring complexes. These are almost certainly con- 
nected to underlying magma chambers (Pitcher, 1978; 
Atherton et al., 1979, p. 63; Atherton, 1981). Magma 
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evolution in some of the super-units of the ring complex 
may involve complex magma mixing (Bussell, 1975, and 
Chapter | 3) as piston action during cauldron subsidence 
delivered successive magma batches from an underly- 
ing, evolving magma chamber to an upper chamber, 
which itself may show vertical variations due to crystal- 
lization from the base and sides (Atherton, 1981). 
The earlier large super-units such as Santa Rosa 
evolved near to the present surface (for details see 
Atherton, 1981). The internal contacts in such super- 
units apparently represents ‘upward movement of more 
buoyant liquid and crystals remaining after consoli- 
dation of the earlier outer units’ (Atherton, 1981, 
p. 348). The abrupt changes in chemistry in the Santa 
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Figure 18.20 ©An-Ab-Or-Qz ( — H,O) diagram showing the crys- 
tallization paths of some Coastal Batholith super-units: (a) Linga 
from the Pisco and Arequipa traverses; (b) Tiabaya from the 
Pisco—Ica and Yauca—Arequipa traverses; (c) Incahuasi from Pisco, 
Yauca~—Ica traverses; (d) San Jeronimo; (e) Pusco. 
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Rosa Super-unit across the tonalite/adamellite/granite 

contacts testify to evolution of the magma below the 

present surface followed by upward movement of the 
evolved magmas in discrete pulses. However the con- 
tinuous variation across the adamellite (Atherton, 

1981, Figure 2) must relate to ‘in-situ’ magma differen- 

tiation as biotite takes over from hornblende as the main 

crystallizing phase (Atherton, 1981). The liquid char- 
acter of the inner granite with the pronounced Eu 
anomaly testifies to its extraction from a plagioclase 
precipitate (Atherton, 1981, 1983). Note the REE data 

(Figure 18.15) indicate the coherence of all the Santa 

Rosa (Huaura) magmas, and their clear evolution from 

one major source. This evolution of the magma (adam- 

ellite and granite in the case of Santa Rosa) below the 
present surface is compatible with Mason’s model 
derived from detailed mineralogical and textural work. 

It is also entirely feasible that this magma chamber was 

fed intermittently and is not the result of a single 

injection of magma (see Mason, this volume). 

The exact mechanisms producing zoning are still 
poorly understood and will not be discussed here (for 
details see Atherton, 1981). Neither is it absolutely clear 
what the composition of the magma coming into the 
high level chamber was. In the modelling which follows 
we have taken either the most basic rock as parent or 
where field data is good a weighted average of the whole 
outcrop. Problems exist in both approaches particularly 
as the distributions and even compositions may not be 
the same as those in the original magma chamber (s?) 
beneath the surface. Nevertheless the modelling on the 
whole gives results consistent with the textures, stability 
relationships and field parameters of the individual 
super-units, and confirms our earlier opinions (Pitcher, 
1978; Atherton ef al., 1979) that super-units clearly 
recognized in the field which very often show a 
pronounced basic to acid variation result from high- 
level fractionation processes, each super-unit evolving 
from one major magma batch (note however the caveat 
imposed by the data on the two Santa Rosa magmas). 

However it is very evident that some ring complex 
magmas result from complex magma mixing which 
punctuates fractionation processes and may dominate 
in these more dynamic magma chambers (Bussell, 
Chapter 13). Apart from the modelling being consistent 
with a continuous fractionation process, there are other 
reasons compatible with this interpretation (for details 
see Atherton etal., 1979; Cobbing etal., 1981; 
McCourt, 1981; Atherton, 1981). 

(a) The basic to acid sequence for each super-unit can 
be modelled by dominant plagioclase fraction- 
ation in the Ab-An-Or-Qtz (H,O) system, cf. 
Presnall and Bateman (1973) for the Sierra 
Nevada Batholith (Figure 18.20 and Atherton 
et al., 1979; McCourt, 1981). 

(b) Each super-unit has specific petrographic and 
textural ‘fingerprints’; which show continuous 
variation throughout. 

(c) Modal content varies systematically through all 
super-units, with similar crystallization sequences : 
early euhedral plagioclase, with one or two py- 


roxenes; hornblende, euhedral or encasing py- 
roxene; biotite; finally quartz and K-feldspar. K- 
feldspar is frequently poikilitic, enclosing earlier 
phases. 

(d) Feldspars change to more albitic compositions 
within individual crystals and also from basic to 
acid compositions and detailed variations relate to 
liquid evolution (Atherton e/ al., 1979, Atherton 
1981; Mason, this volume). 

(e) Chemistry of major and trace elements and norms 
define systematic variations through super-units. 

(f) Continuously and/or cryptically zoned acid plutons 
without internal contacts can only be explained in 
this way (Taylor, 1976). 

(g) Clots/xenoliths systematically decrease towards 
more acid compositions testifying to ‘early’ pre- 
cipitate and ‘residual’ material being left behind 
during the fractionation process. 

(h) Many contacts are gradational and zoning is conti- 
nuous (Santa Rosa, Atherton, 1981, Figure 2). 

(i) The integrity of the Sr/Rb isochrons and the U/Pb 
data are all consistent with a liquid evolving by 
precipitation; perhaps aided at more extreme end 
compositions by boundary layer convection. 


Trace element modelling of the differentiation 


Rb, Sr, Ba, Zr and Y and also REE were used to 
model Rayleigh type fractionation in all the super-units 
using observed possible liquidus phases. Ap values for 
basic, intermediate and acid compositions were used at 
the relevant compositions (data from Pearce and Norry, 
1979; Condie, 1978; Hanson, 1978; Cox et al., 1979). 
The fractionation schemes also allow for accessory 
mineral involvement (sphene, apatite and zircon are all 
possible liquidus phases). 

Because the Kp values are strongly controlled by 
composition of the magma, initial modelling simply 
assumed that the parent magma was the oldest, most 
basic member of the super-unit and younger evolved 
liquids were derived by precipitation of relevant li- 
quidus crystals. Where the compositional variation was 
large a stepwise method was used, dividing the evolu- 
tion into basic, intermediate and acid stages. Clearly 
this takes no account of rocks which are mixtures of 
liquidus phases plus evolved liquid, as indeed most 
‘granitic’ rocks are. 

This simplification does not invalidate the approach 
used, indeed the results are very similar to an approach 
in which the magmas which crystallized are treated as 
mixes of early liquidus crystals plus evolving liquid 
(Atherton ed al., in press; McCarthy and Hasty, 1976). 
Unfortunately all the models so far available are very 
sensitive to initial starting compositions, fractionation 
mechanisms and Ay values which change markedly 
through the compositional range of these rocks. A 
comparison with the crystal/liquid model is made in 
Atherton e¢ al. (in press). 

Five super-units were examined quantitatively: two 
each from the Lima and Arequipa segments and one 
from the Trujillo segment. 
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(a) Lima segment. The trace element data on vector 
diagrams suggested _ plagioclase + clinopyroxene + 
hornblende + biotite + opaques for fractional crystalli- 
zation of the Santa Rosa Super-unit. The model 
envisages pyroxene being gradually replaced by horn- 
blende then biotite coming in at acid compositions 
(Huaura suite). Best fit data are shown in Table 18.1, 
and are compatible with the petrology and crystalli- 
zation sequence. Notably Zr and Y show little change 
indicating the contribution of the accessory minerals 
present in the Santa Rosa (apatite and sphene) was 
negligible. Using Ay values of Pearce and Norry (1979) 
it is apparent that titnomagnetite or ilmenite was a 
minor contributing phase. Note the extreme fractio- 
nation required to produce sample 7.59. 

The data, using intermediate Kp values, are given in 
Table 18.1, for the La Mina pluton. 


(b) Arequipa segment. In the Incahuasi Super-unit 
plagioclase and hornblende are the major fractionating 
phases with minor clinopyroxene, biotite and opaque 
phases. Zr depletion is odd (see also LREE) and may 
relate to accessory mineral precipitation (Table 18.1). 
The data for the Tiabaya Super-unit are also shown in 
Table 18.1. 


(c) Trujillo segment. ‘The trace element plots for the 
Senal Blanca Super-unit indicated fractional crystalli- 
zation dominated by plagioclase with minor horn- 
blende and biotite, the latter becoming important at 
more acid compositions. The model follows this, and the 
data are shown in Table 18.1, from which it can be seen 
that Zr in particular and Y are lower at the acid stage 
than predicted. This indicates the incoming of minor 
accessory minerals into the fractionation process. 


REE modelling 


REE were determined on rocks from all super-units 
of the batholith, however modelling of the data will be 
confined to the examples for which there are sufficient 
data with a large inherent variation, and which are 
coherent. Initially it was considered that all the REE 
data from a given super-unit could be used in one 
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Figure 18.21 (a) REE modelling of the Senal Blanca Super-unit 
based on the trace element model (Table 18.1) using KR"" values from 
Arth (1976) and Nicholls and Harris (1980). A, B and C refer to stages 
in the model where amount of liquid left-F = 0.8, 0.5, 0.3 respectively. 
(b) REE data from Senal Blanca—Santa traverse. 
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model. Perusal of the REE curves indicates that there 
are often small but systematic differences between 
specific traverses, e.g. the Incahuasi rocks in the Pisco 
area show a systematic small but coherent increase in all 
REE with increasing SiO, (Figure 18.4), while the 
rocks from the Rio Yauca show a decrease in LREE, 
with HREE unchanged, with increasing SiO, content. 
These variations, and others, will now be discussed 
starting in the north of the batholith and working 
south. 

Rocks from the Senal Blanca Super-unit show the most 
consistent data set of all the super-units of the batholith. 
The trace model results were used and the Kp values of 
Arth (1976) and Nichols and Harris (1980). The results 
indicate a marked parallelism in the predicted and 
observed trends (Figure 18.21), but the degree of 
fractional crystallization is greater than that predicted 
by the other trace elements (Table 18.1). If this model is 
correct the Ky** used must be consistently high. In the 
case of Eu a Kp of 0.6 was used, which is much lower 
than the value of 2.5 suggested by Arth (1976). This 
value brings the behaviour of Eu into line with that 
observed in the Senal Blanca. If Kf" plag was 2.5, then 
Eu would behave compatibly if the contribution of 
plagioclase to the fractionation scheme exceeded 40%. 
In all the super-units studied plagioclase probably 
contributes > 40% and there is little evidence except at 
very acid compositions of Eu falling with differentiation. 
This suggests Kf" plag values were lower than in 
‘normal’ systems implying relatively high fg, values 
(Sun et al., 1974), or a much greater spread in possible 
Kf" at intermediate compositions than indicated in 
Arth (1976). 

In the Lima segment the data merits modelling of the 
rocks from the two Santa Rosa traverses (Huaura and 
Nepena), which intriguingly are systematically dif- 
ferent for REE and other trace elements (see Atherton 
etal., 1979, McCourt, 1981). Before doing so a few 
points should be made with regard to the Puscao Super- 
unit. The REE data relates to two rocks, one from the 
Huaura, one from the Fortaleza sections. The Puscao 
super-unit has a reasonably consistent chemistry from 
the Huaura to the Casma. The REE plots of the two 
rocks have similar trends and evolution of the more 
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Table 18.1 Santa Rosa. Trace element modelling of the various super-units. Parts per million in 
parentheses are those calculated by the models described using appropriate Kps; other values are 
analytical. Fractionation models: (A) Nepefia—basic 55% plag + 45% cpx, F = 0.5, intermediate 
50% plag+10% cpx+40%hb, F=0.5; (B) Huaura—intermediate 45% plag + 10% 
cpx + 45% hb, F = 0.6, acid 60% plag + 20% hb + 20% bi, F = 0.3. (C) La Mina pluton of the Paros 
complex: 55% plag + 18% cpx+18% hb+9% bi, F=0.4. (D) Incahuasi: 40% plag + 10% 
cpx + 45% hb +5% bi, F=0.6. (E) Tiabaya: 45% plag + 50% hb + 5% bi, F= 0.7. (F) Senal 
Blanca Super-unit, intermediate 80% plag+ 15% hb+5% bi, F=0.5; acid 75% plag + 5% 
hb + 30% bi, F = 0.8. 


(A) Nepefia (B) Huaura 
Basic Intermediate Intermediate Acid 
7:22 By an 7.21 7.20 7.123 <A95 A95 7.59 

Rb 39 84(78 84 167(154) 59 99(97) 99 Set” 
Sr 456 601590) 369 234(221) 428 306(305) 306 38(36) 
Zr 69 ae 169 oy 129 a 113 84(82) 
¥ 18 25(13) 25 18(18 20 14(14) 14 14(14) 
a SS ee 

(C) La Mina (D) Incahuasi 

A106 A59 ND 11 ND7 
Rb 92 159(168) Rb 120 178(179) 
Sr 456 203(199) Sr 576 423(439) 
Zr 178 pie Zr 210 eee 
Y 26 26(26) Y 19 13(13) 
Ba 778 929(929) Ba 843 1102(1094) 

(E) Tiabaya (F) Senal Blanca 

Intermediate Acid 
7.51 7.45 7.100 7.6 7.6 7.10 

Rb 56 75(74) Rb 89 149(153) 149 poy 
Sr 582 poy Sr 517 160(159) 160 83 (94) 
Zr 89 86(82 Zr 165 rors 225 pen 
Y 17 12(12) Y 25 34(34 34 34(39) 
Ba 635 782(759) Ba 587 785 = ait 785 578(604) 


acidic rock is consistent with plagioclase plus horn- 
blende extraction. However the CaO, Rb, Sr, Zr, and 
Y data, particularly the Y (14 ppm in both rocks) and 
Sr (266-238 ppm) plus the change in CaO from 
3.29 > 2.26%, is totally inconsistent with such a fraction- 
ation. The two traverses must expose Puscao rocks 
from two different magma batches. The results emphas- 
ize the need for models based on major, trace ( + REE) 
data as well as petrogenetic sense. 

The Santa Rosa Super-unit data from the two 
traverses is characterized by slight or no depletion in the 
REEs, except for the granite (ss) from the Huaura, 
which has a pronounced Eu anomaly (Figure 18.15). 
Note that the tonalite and diorite of the Huaura 
traverse are indistinguishable; however, the granite 
and adamellite have slightly lower REEs across the 
whole spectrum, i.e. the REEs behave compatibly. The 
granite has slightly lower LREE and slightly higher 
HREE, compared to the adamellite, which is com- 
patible with the larger proportion of plagioclase in the 
precipitate producing the granite (Table 18.1). The 
lack of a Eu anomaly in rocks produced by plagioclase 
plus hornblende precipitation (2:1 ratio) is not uncom- 
mon (see Hanson, 1978). Using Kp**" data from Arth 
(1976) and Nichols and Harris (1980) for intermediate 
rocks, bulk Ky values of 1 + 0.4 produce REE values 
about the same or a little greater than the total error for 
removal of 20-30% precipitate. Bulk A,,**" of about 
1.45 are needed for the LREE and less for the HREE to 
get the adamellite from the tonalite of the Huaura 
traverse with about 30—40°% precipitation of given 
phases: cf. the trace element modelling. More con- 
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sidered selection of Ky values within the ranges given in 
Arth (1976) would give results which would apparently 
fit the data better. However to avoid producing a 
significant Eu anomaly in the adamellite requires a 
Ky" of 1.0 or less (see Senal Blanca REE argument). 
Presumably the Eu anomaly in the granite relates to a 
higher Kp"" at more acid compositions as well as to a 
greater proportion of plagioclase in the precipitate, as 
indicated by the trace and major element modelling 
(see Tables 18.1, 18.2 and 18.3). There is little point in 
trying to model the REE data of the Santa Rosa more 
specifically, due to the small variation, with increasing 
fractionation. 

The Tiabaya (Arequipa segment) REE data is very 
similar from all three traverses with HREE generally 
lower than the other super-units. The limited variation 
is expected as the Tiabaya shows a very narrow range of 
composition (see major elements, Appendix 1(a) and 
Figure 18.10). However in the Pisco traverse the most 
acid (silica-rich) rock has LREE significantly higher 
than the two more basic rocks, which are indistinguish- 
able. In the acid rock the HREEs appear slightly 
depleted relative to one of the more basic rocks (7.48). 
This would be consistent with hornblende precipitation 
as indicated by the trace element modelling 
(Table 18.1). Taking the limited data, the evolution of 
rock 7.45 from 7.46 requires 20° precipitation of a 
mix: plagioclase 45%, amphibole 50%, biotite 5% (Kp 
values from Arth (1976), Arth and Hanson (1975) and 
Lopez-Escobar e¢ al. (1977) )— cf. Table 18.1. 

The Incahuasi rock data relates to traverses from the 
Rio Yauca and Rio Pisco. The rocks from the Yauca 
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Table 18.2 Major element modelling of the Santa Rosa Super-unit. Fractionation models: (A) 


Nepenia, 52% plag+ 7% cpx + 34% 


hb+6% mgt+1% ilm, F = 0.35; 
mediate 50% plag + 8% cpx + 30% ‘hb + 10% mgt + 2% ilm, F = 0.45, acid 66% 


(B) Huaura, inter- 
plag + 17% 


hb + 12% bte + 4% mgt + 1% ilm, F = 0.25. After Atherton and Mason (onpaubllned data). 


(A) Nepena (B) Huaura 
Intermediate Intermediate Acid 
7.21 7.20 7.123 A95 A95 A94 
SiO, 62.23 70.58(70.39) 58.53 69.54(69.86) 69.54 76.79(75.75) 
TiO, 0.68 0.41(0.46) 0.99 0.36(0.53) 0.36 0.16(0.06) 
Al,O, 16.57 14.66(15.84) 16.25 14.88(15.59) 14.88 12.85(12.99) 
FeOx 5.72 2.71(2.48) 8.63 2.82 (2.80) 2.82 0.74(0.64) 
MgO 2.83 1.06(1.28) 3.07 1.24(1.26) 1.24 0.23(0.30) 
CaO 5.08 2.21(1.42) 6.22 2.89(1.97) 2.89 1.02(1.22) 
Na,O 3.37 3.33(3.80) 3.09 3.73(3.62) 3.73 3.54(3.44) 
K,O 2.42 3.84(3.58) 1.57 3.29(2.66) 3.29 4.34(3.91) 
eS 
Plagioclase Clinopyroxene Hornblende __Biotite 
SiO, 57.11 52.78 48.80 36.85 
TiO, — — 1.08 4.41 
Al,O, 26.86 0.69 6.01 14.08 
FeO; 0.13 — 3.00 1.06 
FeO 0.12 9.00 M122 17.36 
MgO 0.26 13.54 13.66 11.89 
CaO 8.96 22.77 11.09 0.17 
Na,O 6.45 = 1.62 0.44 
K,O 0.27 — 0.35 9.53 
Total 100.16 98.78 97.83 95.73 


include 7.54, a foliated and possibly contaminated 
variant, with odd LREE enrichment, compared to a 
more acid rock from the same area. Thus only the 
variation in the Pisco section was modelled. The REE 
spectra are parallel and indicate an overall increase of 
REE throughout, with increasing SiO, content. 

Modelling shows that the most acid rock may be 
derived from the most basic rock by 30% precipitation 
ofa mix of plagioclase 45%, amphibole 40%, clinopy- 
roxene 10%, biotite 5°% (Ap values as above). 

The Linga-Arequipa REE data has been modelled in 
Chapter 12, but a brief comment will also be made here 
based on further data. The Pisco and Yauca results are 
shown in Figure 18.4, from which it is seen that the 
Pisco data for the two rocks is similar. It also shows a 
very small range of SiO, contents, so cannot be 
modelled properly. Furthermore it cannot be compared 
to the Yauca data. 

The normalized REE data from the Arequipa section 
are, not surprisingly, very similar to the data of Le Bel 
etal. (Chapter 23) except that here there is no data 
referring to the more acid rocks described by Le Bel 
et al., nor have we recognized cumulates, characterized 
by positive Eu anomalies. However Le Bel e¢ al. (in 
press) calculated a composition for the initial liquid 
from which the basic cumulates and acid rocks were 
derived. This liquid is very similar to the relatively basic 
rocks presented here (7.91 and 7.88), which are of 
basaltic andesite composition. From graphical analysis 
7.91 appears to be a cumulate, although it lacks a 
significant Eu anomaly. 

REE modelling using hornblende, clinopyroxene, 
plagioclase and biotite precipitating in the propor- 
tions 30:10:55:5 produces a liquid of the composition 
of the most acid rock (7.88 > 7.93, Ky data as above). 
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Major element modelling 


Modelling using major elements was confined to the 
Santa Rosa Super-unit from the Lima segment and the 
Linga Super-unit in the Arequipa segment, as these are 
the super-units from which mineral data is available 
and both show large variations in composition. For the 
Santa Rosa Super-unit a simple model of removal of 
liquidus minerals from a given magma composition 
using known mineral compositions was used. Best fit 
solutions plus mineral data are given in Table 18.2, and 
the computer program is described in Sanderson 
(1981). The inclusion of iron titanium oxides in the 
fractionation scheme is probably more realistic than the 
trace element models. The trace element scheme of 
plagioclase accompanied first by pyroxene, then horn- 
blende and later biotite is borne out by the major 
element modelling. 

The program by Wright and Docherty (1970) was 
also used to model fractionation. It uses the same simple 
principle as before and produces a best fit by a least 
squares method. Evolution from the most basic rock was 
not successful, due to the fact that there is very little 
difference between the basic rocks, so the six most basic 
rocks, of the 12 selected for the modelling, were 
averaged and initially the evolution was modelled for 
successively evolved rocks to the adamellite, by pre- 
cipitation of a mix of plagioclase, biotite, hornblende 
and magnetite (mineral analyses from one of the basic 
rocks) in the proportions given in Table 18.3. Evolution 
to granite composition from the adamellite involved a 
new plagioclase composition, determined from the 
mixing program (this is a best fit plagioclase com- 
position for the adamellite, using the original plagio- 
clase and albite as end members). 
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Table 18.3. Major element model of the Santa Rosa (Huaura) 
Super-unit (Wright and Docherty 1970). Start with an average of 6 of 
the most basic of the 12 rocks used (SiO, % = 65.8). Evolution of the 
various rocks from this average and the adamellite (78.6) by 
accumulation or precipitation of a mix of plagioclase, hornblende, 
biotite and magnetite in the proportions given. Mineral compositions 
used are given below. dsq is a measure of significance, such that values 
below about 0.5 are highly significant. 


Rock no. SiO, + % mix plag hb bi mgt dsq 
83.5 64.4 + 11 56 28 16 — 0.21 
83.1 65.6 -- 2 46 40 — 4 0.39 
82.1 66.3 + 1 81 — — 19 1.4 
Average 65.8 
82.5 65.7 — 1 19 81 — — 0.31 
81.5 66.5 — 5 80 9 2 9 0.13 
81.1 66.1 — 3 65 33 2 — 0.14 
80.1 69.0 — 17 58 29 7 6 0.23 
80.5 70.2 — 23 58 31 5 6 1.6 
78.6 70.9 — 25 63 20 10 7 1.0 
From 78.6 70.9 
78.1 73.2 — 12 70 25 1 4 0.15 
79.1 75.9 — 22 70 18 | 5 0.69 
79.5 75.2 — 20 74 13 8 5 1.4 
Average of plag hb bi plag 
6 basic rocks from 83.1 
SiO, 65.8 57.3 48.4 36.9 60.2 
TiO 0.49 1.09 4.05 
ALO, 16.1 26.8 6.00 13.8 24.9 
Fe,O, 2.30 1.11 1.43 0.24 
FeO 1.95 0.24 12.9 16.0 
MnO 0.10 0.64 
MgO 2.05 13.7 14.3 
CaO 4.13 8.55 11.1 6.40 
Na,O 3.64 6.51 1.62 0.05 7.80 
K,O 2.60 0.24 0.35 9.42 0.24 
H,O 0.74 2.80 4.00 
BO: 0.12 
100.0 99.6 99.7 100.0 99.8 


This scheme, set out in Table 18.3, does not represent 
exactly what we think happened during the evolution of 
the Santa Rosa rocks; however, it does avoid incon- 
sistencies in a stepwise model in which some of the steps 
are very small or in the wrong sense. These may arise 
from inhomogeneities in the magma, or analytical 
errors. Table 18.3 clearly illustrates the importance of 
plagioclase as an important fractionating phase; it also 
indicates the most basic rocks at the margin of the 
pluton may have a ‘cumulate’ type character (see 
Atherton, 1981) and the derivation of the granite must 
be by precipitation of very large amounts of plagioclase 


(cf. REE data). Note the similarity to the simpler 
approach used earlier (Table 18.2). A stepwise model 
in which the rocks are grouped is shown in Table 18.4. 

Modelling the Linga Super-unit major element va- 
riation was initially done by simple graphical tech- 
niques using plagioclase, hornblende and biotite com- 
positions determined by microprobe analysis of pre- 
sumed liquidus minerals. This was considered acceptable 
as pyroxenes <0.7 modal % in all the rocks used, 
except for rock 7.91 which contains olivine (2%), 
clinopyroxene (19.3%) and orthopyroxene (4%). Rock 
7.91 lies on the silica-poor side of the mineral mix (60% 
plagioclase, 30% hornblende, 10%, biotite) and must be 
a cumulate, assuming the simple argument above is 
correct. In a mixing model (Wright and Docherty, 
1970) this rock is also clearly different from the rest and 
is distinctive in requiring precipitation of clino- and 
orthopyroxene, as opposed to hornblende which is 
needed for the rest of the rocks. Table 18.5 shows the 
fractionation scheme for the Linga Super-unit in the 
Arequipa region, and emphasizes the importance of 
plagioclase and hornblende as precipitating phases in 
the evolution of the super-unit. 

This model data may be compared to a model by Le 
Bel et al. (in press) for rocks of the Linga Super-unit also 
near Arequipa. In this latter work plagioclase 
(58-68%) is slightly more important, as is biotite 
(17-22%), hornblende (11-20%) less so and pyroxene 
(4-13%) rather more so, while magnetite (3-8%) is 
about the same. These differences reflect the different 
mineralogies of the two sets of rocks although the exact 
reasons for these differences are not understood. 


Table 18.5 Model of the Linga (Arequipa) Super-unit 
using major elements (Wright and Docherty, 1970). 
Alternative steps shown due to small differences in com- 
position between some rocks, e.g. 4 and 5, which can produce 
marked distortions. Rocks 2—6 refer to Linga (Appendix 1 (a). 


precipi- 
Step tateof alban hb bi mgn_ dsq 
2to3 25% 18 36 (54) 29 9 8 0.89 
3to4 34% 21 30(51) 43 0 6 1.2 
3to5 36% 23 31(54) 41 0 6 2.8 
4to5 3.5% 64 31 (95) 8 0 0 0.48 
4to6 14% 26 33(59) 38 O 4 0.91 
5to6 11% 16 33 (49) 43 2 6 0.11 


Table 18.4 Major element modelling—Santa Rosa Super-unit (Huaura), step- 


wise method. 


remove plag hb bi mag dsq 
Diorite 
—— tonalite 13:3% 59 (An, ) 25 15 1 0.18 
Tonalite 
—— adamellite | 21.7% 65 29 0 6 0.56 
Adamellite 1 
—— adamellite 2 14.2% 82 3 8 7 0.66 
Adamellite 2 
—+ granite 11.9% 66 25 7 2 0.22 


—————— ee <$<(( C0 O68010O OO 
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Origin of the magmas of the 
Coastal Batholith 


Although Andean-type batholiths are generally ac- 
cepted to have formed at destructive plate margins by 
interaction of oceanic and crustal components, the 
contributions of these and the mantle are still in some 
doubt. On one hand, crustal anatexis is thought to be 
important (Presnall and Bateman, 1973), while on the 
other, mantle magma, possibly slowed down by ascent 
through continental crust is postulated to be the main 
component of batholiths. 

Various arguments have been put forward suggesting 
a dominantly mantle origin for the Coastal Batholith 
(see Atherton ef al., 1979) which together with the 
isotope evidence (Sanchez-Fernandez, 1982, and this 
volume) are compelling. Furthermore the intrusion of 
the batholith along a lineament, parallel to the trench, 
which lies within a marginal basin containing primitive 
mantle material in the north but then cutting through 
old basement in the south (in the Arequipa segment), 
that is across and through old and new crust, indicates a 
deep subcrustal provenance. Pitcher (1978) believed 
the long-standing pattern of plutonic magmatism in 
Peru related to major resurgent faults presumably 
penetrating beneath the continent. These tapped the 
mantle wedge, which had clearly had a long history of 
modification and magma extraction during the evol- 
ution of the marginal basin, and may well have been 
undergoing modification via subduction during pluto- 
nic intrusion of the batholith. In any event, the magmas 
very probably came from the mantle wedge with very 
little contamination by crustal material such as that 
seen in the Arequipa massif. 

The experimental evidence, although indirect, in- 
dicates there are problems in deriving batholithic 
magmas direct from any source (Wyllie, 1983). It seems 
to be generally agreed that the dehydrating slab 
produces aqueous fluids of undefined or poorly under- 
stood compositions which metasomatize and react 
with the overlying mantle. These and silicic fluids 
which are probably also produced may become highly 
enriched in LIL elements before solidifying through 
hybridization. This enriched wedge may then produce 
magma of tonalitic composition (Thorpe et al., 1976), 
although it is equally possible, perhaps more likely, that 
‘enriched’ mantle partially melts to produce basic H,O 
undersaturated melts which are quartz normative 
(Wyllie, 1983). It is these magmas which may differen- 
tiate to tonalite compositions. 

Returning to the chemistry of the super-units, it is 
clear from the foregoing that the super-units often show 
chemical characteristics indicating that they represent 
different melt batches (see also Atherton et al., 1979). 
This individual character can also be seen in the 
isotopic composition of the magmas (Chapters 16, 20, 
this volume). Most variation is seen in the LIL elements 
and ratios, particularly K/Rb etc., although clear 
differences in elements such as Y also occur. REE results 
are particularly helpful and indicate clear between-super- 
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uni variation, e.g. Tiabaya v. rest of Arequipa segment 
super-units as well as within-super-unit differences, e.g. 
Santa Rosa Super-unit. Nevertheless, with the possible 
exception of the Tiabaya Super-unit the shapes of the 
REE plots are very similar: LREE enrichment with the 
most basic rocks of any super-unit and even the more 
fractionated members having Lay values from about 
40—50 times chondrite and HREE either just above or 
below 10 times chondrite and usually flat. This shape is 
a source region characteristic enhanced possibly by 
precipitation of minerals stable during ascent. The 
REE traces should be compared to those of the Calipuy 
rocks (Chapter 25) which are strikingly similar. This 
may not be surprising as we consider both magmas were 
derived from the same longitudinal section of the 
mantle wedge at different times. They may be com- 
pared with volcanic calc-alkali rocks from the Sunda 
Arc (Whitford ez al., 1979, and Chapter 25), and if this 
shape is characteristic of mantle wedge derived magmas 
it seems very probable they were formed under con- 
ditions similar to, but not the same as, those which 
produced the Calipuy rocks above. 

The genesis and evolution of a typical tonalite with 
Lay about 50 times chondrite and Yby about 10 times 
chondrite (for example a rock such as 7.88 from the 
Linga Super-unit) may be modelled by 5% melting of 
spinel peridotite (17% cpx, 25% opx and 54% ol) with 
LREE enrichment, the melt being made up of 50% 
cpx, 25% opx and 25% ol. Precipitation of a 35% mix 
of 30% cpx and 70% ol would produce REE values and 
compatible elements very close to those found in rock 
7.88 (Kp data from Lopez-Escobar ed al., 1977). The 
Tiabaya REE profile with similar Lay (50 x chondrite) 
but lower HREE (Luy~—3) may be modelled in a similar 
manner with 5% partial melting of garnet peridotite 
(15% cpx, 25% opx, 52.5% ol, 7.5% gt) followed by 
30% precipitation of olivine (70%) and clinopyroxene 
(30%). These values would be markedly modified by 
LREE enriched mantle, such that larger amounts of 
melting or smaller amounts of precipitation would be 
required to reach the compositions sought. 

The general tendency for the super-units to become 
more acid with time (Pitcher, 1978) may be explained 
in a similar manner, i.e. smaller amounts of partial 
melting with time, alternatively the later super-units 
are high-level manifestations of magma evolution made 
possible by ring complex formation allowing the more 
fractionated granitic material to evolve further. 
Certainly some of these later magmas are highly 
evolved and appear to have basic counterparts at lower 
structural levels (see Chapter 13, and Atherton et al., 
1979). 

In conclusion it seems very probable to us that the 
Coastal Batholith was derived by partial melting of 
spinel peridotite which had been enriched, probably 
over a long period of time and not necessarily at the time 
the partial melts formed. The major resurgent faults 
tapping the mantle remained in the same place over a 
period of 40 Ma. They lie within the marginal basin and 
its continuation on to the Arequipa massif and may well 
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be a continuation of the extensional features character- 
istic of the older basin, but modified as the basin 
formation declined, and the rapid spreading gave way 
to deep faulting. It follows that the Coastal Batholith 


may not relate directly to subduction although the 
mantle tapped must have previously been enriched by 
LIL elements mobilized by H,O from the descending 
slab and overlying mantle. 
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Three-dimensional variation within granite plutons: 
a model for the crystallization of the Camas and 
Puscao plutons 


William P. Taylor 
Geology Department 
C.F. Mott Campus 
Liverpool Polytechnic 
Prescot 
Merseyside L34 1NP 
United Kingdom 


Regression surface analysis techniques on two single-pulse plutons within the Huaura centred complex establish that the 
large-scale variations are not due to contamination but to ‘in-situ’ differentiation, and that the mechanism is one of convection- 
driven thermogravitational diffusion. 


Introduction 


Evidence of three-dimensional variations in mine- 
ralogy and chemistry within igneous masses is available 
for a whole range of magma types, though there is a 
preponderance of data from the basic end of the igneous 
spectrum. The question is whether this simply reflects a 
particular scientific vogue, whether the process causing 
the variation does occur more frequently in the more 
basic rocks, or whether it is merely a reflection of the 
comparative ease with which rhythmic layering can be 
seen in rocks with such contrasting mineral phases. 
Certainly cryptic variation, as its name implies, is far 
more difficult to recognize where the mineralogy is less 
contrasted, as in granitic plutons, even though it is 
probably present in all major igneous masses regardless 
of composition, and is probably missed in most cases 
when rhythmic layering is absent. 

In Peru, the only two granite plutons which have 
been investigated in statistically controlled detail have 
both revealed a three-dimensional cryptic variation due 
to in-situ processes connected with the differentiation of 
the granite magma. The variation within the Puscao 
pluton of the Rio Huaura centred complex (Bussell, this 
volume) has been described in detail elsewhere (Taylor, 
1976) but some comments on the actual mechanism 
producing that variation will be made later in this 
paper. The sampling of the Cafias pluton from within 
the same centred complex, and the three-dimensional 
variations which it revealed, will now be discussed in 
some detail. 


The geological setting 


The Cafias pluton (Figure 19.1) is approximately 
circular in plan, except for a small protrusion in the 
south-east, and has an overall diameter of about 8 km. 
The outer contact of the pluton is invariably sharp and 
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dips outwards at between 50 and 80 degrees. Like the 
rest of the complex, the pluton appears to have been 
emplaced rather passively since the only evidence to 
indicate any deformation or disturbance of the host 
rocks is a subdued doming in the layering in the host 
rocks. 

A marked lack of xenoliths reinforces the hypothesis 
that the body was not emplaced by piecemeal stoping 
but arrived at its present position by cauldron sub- 
sidence along outward dipping fractures. 

The country rocks into which the pluton was em- 
placed were monzogranites of the Sayan and Puscao 
Super-units, representing the earlier stages of the 
complex. The elongate body of meladiorite on the 
northern margin of the pluton and the much smaller 
bodies of gabbro to the east and west are somewhat 
enigmatic. These basic bodies do not appear to be 
related in any way (other than spatially) to the centred 
complex, and Cobbing and Pitcher (1972) suggest that 
the simplest explanation for their presence in the screen 
is that they represent foundered parts of the roof of the 
batholith and are therefore much older than the whole 
centred complex. 

The Cafias pluton itself is composed of a coarse- 
grained biotite monzogranite with subordinate 
amounts of hornblende, in which the mafic constituents 
show varying degrees of conversion to chlorite. In the 
field the pluton appears to be homogeneous over the 
greatest part of its outcrop, but has a darker marginal 
facies due to enrichment in biotite and plagioclase 
feldspar. 

There does not seem to be any correlation between 
this marginal zone and the basic bodies occurring as a 
peripheral screen: the zone is everywhere the same 
width (150 metres), and has the same colour index 
irrespective of whether it is next to acidic or basic 
country rock. Furthermore there is no sign of clots of 
mafic material or minerals to suggest that the darkening 
is due to assimilation of basic material. 
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Cafas pluton 


Figure 19.2 Sampling plan for the Cafias pluton (elevation in m). 


from each of the grid locations. Only those fragments 
which consisted entirely of the monzogranite which 
makes up the bulk of the pluton, were selected, and any 
schlieren, xenolithic material, basic dykes or aplitic 
veins were carefully avoided. Locality (height 945) 
failed to yield samples due to the smooth gravel-covered 
nature of the outcrop at that point. 

The sample location elevations vary between 655 m 
and 1237m without their distribution being too ad- 
versely affected by the general overall topographic slope 
towards the river valley. The 184 (i.e. 23 x 8) specimens 
were individually analysed by automated wet chemical 
methods for TiO,, Fe,O, (total iron), MgO, CaO, 
Na,O and K,O, the results being subjected to a rigorous 
analysis of variance. The analytical methods themselves 
are discussed by Atherton et al. (1971) and Table 19.1 
shows their values for the percentage relative de- 
viations, and those achieved by the present author as a 
result of analysing the same Cajias specimen on twelve 
separate occasions as a ‘quality-control’ during the 
analytical scheme. Since precisely the same instrumen- 
tal configuration was used, the similarity between the 
values is hardly surprising and the present author’s 
higher percentage relative deviation for total iron may 
be a reflection of the fact that his rocks contain less than 


one-third the total iron present in the sample used by 
Atherton e/ al. (1971). 


Justification of statistical methods 


Before any meaningful study of the large-scale va- 
riations within the pluton could be embarked upon, it 
was necessary to confirm that the variance at this large 
scale was significantly greater than could be reasonably 
explained in terms of the small-scale and analytical 
variances. 

Snedecor’s F test was used to compare the analytical 
variance and the within-locality variance for each oxide 
(Table 19.2), and showed that the within-locality va- 
riance is significantly greater than the analytical va- 
riance (exceeding the 99.95% level). 

The F test was similarly used to compare the 
within-locality and between-locality variance for each 
oxide, and showed that the between-locality variance is 
significantly greater than the within-locality variance. 
The lowest and highest values of F obtained at this 
stage in the analysis are shown in Table 19.3. 

In order to gain more information about the large- 
scale variation which is present within the pluton, 
regression surface analysis techniques were then em- 
ployed. The type of regression surface, hypersurface, 
chosen represented a mathematical extension into three 
dimensions of the more familiar trend surface, thus 
enabling the effect of variation with height as well as 
variation with geographical location to be taken into 
account. 

As an indication of how well the sampling localities 
were distributed in three dimensions for the sampling 


Table 19.2 Snedecor’s F test applied to the analytical and within- 
locality variances for the Cafias pluton. (Degrees of freedom shown in 
brackets). 


Within- 
Analytical locality % Signi- 
Variance 6? variance F ficance 
Cafias 

Oxide Caifias (10) Cafias (161) (161/10) Cafias 
TiO, 8.5 x 10-6 898.5 x 10-6 105.7 > 99.95 
Fe,O, 26.9 x 10-* 446 x 10-4 16.6 > 99.95 
MgO 0.48 x 10-* 57.8 x 10-4 120.4 > 99.95 
CaO 2.04 x 10-* 278.3 x 10-4 136.4 > 99.95 
Na,O 3:57 10F* 131.9 x 10-4 37.7 > 99.95 
K,O 5.4 x 10-4 384.8 x 10-* 71.3: > 99.95 


Table 19.1 Comparison of the analytical variance for the Cafias pluton with 


that of previous workers. 


Analytical Percentage relative deviation 
variance 
expressed as = —_ 
standard Mean Mercy Atherton 
Oxide deviation ¢ value Present author (1956) et al. (1971) 
TiO, 2:9x Oi? 0.24755 = 1.17 6.9 0.79 
Fe,O, 5.19 x 10-? 2.077 2.50 2:1 0.56 
MgO 0.69 x 10-2 0.605 1.14 2.2 0.78 
CaO 1.43 x 10? 1.8855 0.76 0.88 0.97 
Na,O 1.87 x 10-? 3.8055 0.49 1.8 0.85 
K,O- 23x 10-2 3.8355 0.60 3.0 0.86 
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Table 19.3 Analysis of variance applied to the oxides of sodium 
and total iron for the Cafias Pluton. (S.S., sum of squares; d.f., degrees 
of freedom). 


Na,O 
Variance 

Source of variation SS. df. estimate F % Sig. 
Between locality 0.7518 22 0.03417 

2.59 >99.9 
Within locality 2.1228 161 0.01319 
TOTAL 2.8746 183 
Grand mean = 3.74% Analytical variance = 0.0004 
Fe,O, 

Variance 
Source of variation S. S. d.f. estimate F % Sig. 
Between locality 8.3405 22 0.37911 
8.50 > 99.9 

Within locality 7.1799 161 0.04460 
Total 15.5204 183 


Grand mean = 2.17°% Analytical variance = 0.003 


grid in Figure 19.2, the ratio was calculated of the 
maximum elevation difference within each of the N-S 
and the E—W rows and the length of the respective rows. 
The mean value for this ratio is 1:17 and its value never 
falls below 1:33. 

The author considered the generation of regression 
surfaces up to, and including, the third degree (with its 
twenty coefficients) from only twenty-three data points 
to be justified on the following grounds: 

(a) The highly significant large-scale variation, as 
illustrated in Table 19.3. 

The averaging of eight separate samples to obtain 
each locality value reduced the ‘noise’ contribution 
associated with that locality and hence increased 
the probability that any flexures of the higher order 
surfaces represented actual large-scale variations 
rather than very localized within-locality 
variations. 

The reasonably good three-dimensional distri- 
bution of the data as discussed above. 

Probably most important of all is the way in which 
the variation portrayed by these surfaces was 
consistent with the emplacement model more re- 
cently arrived at by Bussell (this volume). 


(b) 


Regression surface techniques 


The hypersurface program employed was a modified 
version of a program by Sampson and Davis (1967). 
Regression surfaces were computed for each oxide, in an 
attempt to show the three-dimensional variation within 
a 610m thick, 6000 m x 6000m square block which 
encompasses most of the data points used in its 
computation. 

In order to choose which order of regression surface to 
rely upon, the criterion suggested by Chayes (1970) was 
employed, viz. the mean square for variance associated 
with terms of order x should be tested against the mean 
square for the unexplained variation at order n, using 


THREE-DIMENSIONAL VARIATION WITHIN GRANITE PLUTONS 


Table 19.4 The significance of added terms in the 
regression surface equations calculated by the method 
suggested by Chayes (1970). (a), degrees of freedom 
associated with terms of order 7; (b), degrees of freedom 
associated with the residual variation at order n. 


Ratio of 

Order the mean Degrees % Signi- 

Oxide n squares of freedom _ficance 
. (b) Ga 
2 1.318 13. 70. 
KO 3 10.075 10 3 95.5 
: 2 1.849 6 13 80.0 
Na,O 3 13.935 10 3 97.0 
2 1.620 6 13 75.0 
TiO, 3 2.270 10 3 70.0 
2 0.674 6 13 <50 
CaO 3 1.661 10 3 60.0 
2 1.171 6 13 65.0 
MgO 3 2.757 10 380.0 
2 1.730 6 13 80.0 
FeO, 3 2848 10 3. 80.0 


Snedecor’s Variance Ratio Test, to see if the terms of the 
ath order improve the fit significantly or whether the 
fitting should rest at order (n— 1). The values of the 
ratio of the mean squares for the second and third order 
are presented for each oxide in Table 19.4, together 
with the appropriate degrees of freedom. 

In the light of the information from Table 19.4, the 
author decided to use the third-order regression equa- 
tions for all of the oxides in order to more easily facilitate 
comparisons between oxides. 


Discussion of results 


The results are presented in Figure 19.3 in the form of 
block diagrams, one for each oxide, such that the 
vertical edges represent the extreme corners of the 
sampling grid and the upper and lower faces of the 
block represent elevations of 1220m and 610m 
respectively. 

The intersections of the third-order regression sur- 
faces with the faces of the block diagrams are shown for 
selected percentage values of each oxide. These surfaces 
define a series of sub-parallel, sub-planar plates, each of 
which contains a certain percentile range of values for 
the given oxide. In all these cases, except for K,O, the 
arrangement of these plates is analogous to a sandwich 
in which the plate containing the lowest percentage 
values occurs in the middle of the pile, and successive 
plates, both above and below, have steadily increasing 
percentages of the oxide. Although the sandwich ana- 
logy also applies to the K,O diagram it is now the 
highest percentage values which are contained within 
the central plate, and successive plates, both above and 
below, have steadily decreasing percentages of K,O. 

Application of a test suggested by Peikert (1965), 
involving the computation of partial derivatives of the 
regression equation, confirms that the ‘sandwich’ effect 
is not simply a spurious product of the regression 
mathematics but is a true reflection of the input data. 

If the trends in the actual element distribution are in 
fact the same as those brought out by the third-order 
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Figure 19.3 Block diagrams showing the oxide distribution trends 
within the Cafias pluton. (The dimensions of the block are 
6000m x 6000m with the upper face at 1220m and the lower one at 


610m). 


response surfaces, then one might reasonably expect the 
pluton to have a more mafic upper and lower portion. 
Figure 19.4a shows the postulated position of the sam- 
pled block (complete with sandwich structure) within 
the cauldron subsidence structure of the Cafias pluton. 
The accompanying Figure 19.46 is an extrapolation of 
the sampled data and the additional field information of 
a more mafic marginal facies in the presently exposed 
contact zone, to produce an overall distribution model 
for the pluton. 

In Figure 19.5 the average plots for each of the 
twenty-three sampling localities are shown on the 
selective enlargement of the central portion of the 
triangular diagram, which also contains the igneous 


differentiation trends discussed by Green and 
Poldervaart (1958). The plotted values fall on a limited 
segment of curve which, as one might expect, form 
similar results from the Puscao pluton (Taylor, 1976) 
and the overall trend of the batholith (McCourt and 
Taylor in Cobbing ¢¢ al., 1981) is parallel to the curve 
representing calc-alkaline differentiation. 

Thus in the only two plutons (Cafias and Puscao) of 
the Coastal Batholith which have been analysed in such 
detail, there are no internal contacts to suggest pulses of 
magma injection, but rather there exists a more gradual 
internal variation of a calc-alkaline nature which is 
directly related to the overall geometry of the plutons. 


margin2y< 


Figure 19.4 Explanation of the oxide distributions in terms of the 
position of the sample block within the cauldron subsidence. 


232 


ce a ee ea 


Na,O 


errors 


2° Cao 


Figure 19.5 Three component diagrams showing the distribution 
of the Cafias data. Trends after Green and Poldervaart (1958). 


A model for the crystallization of the Canas 
and Puscao plutons 


Whatever the mechanism which produced these 
variations, it must have been capable of producing not 
only an essentially continuous trend upwards towards a 
more silicic fraction —in the case of the earlier and much 
larger Puscao pluton, into the aplogranitic Tumaray 
facies —but also an increasingly acid core to the younger 
and very much smaller Cajfias pluton. It is useful to 
report at this juncture that the exposed area of the 
Cafias pluton is 60km? whereas that of the Puscao 
pluton is about 300km? (or 540km? allowing for 
exposure obscured by relict roof pendants) in the 
Huaura complex. 

Compositional variation of a zonal nature has been 
recognized within other shallow level and/or sub- 
volcanic magma chambers (e.g. Smith, 1979; Hildreth, 
1979), and in the absence of field data to demonstrate 
the multiple emplacement and consequent magma 
mixing associated with the Puscao pluton as suggested 
by Atherton (1981), the present author believes that 


THREE-DIMENSIONAL VARIATION WITHIN GRANITE PLUTONS 


differentiation is more likely to have occurred as a result 
of mechanisms operating within the high-level magma 
chamber itself. 

Whatever the mechanism, it has to produce rocks of 
similar composition on both the floor and the roof of the 
Cafias chamber and therefore it seems to be highly 
unlikely that it depends on the sinking or floating of a 
cumulate crystal phase under direct gravitational 
density control; especially if we take into account the 
probable non-Newtonian properties of the magma 
(McBirney and Noyes, 1979). 

Viscosities obtained experimentally (Murase and 
McBirney, 1973) and from seismic observations 
(Matumoto, 1971) suggest values between 10° and 10° 
poises for andesitic melts and probably as large as 10° to 
10'* poises for granitic melts, though the presence of 
dissolved volatile components will tend to reduce these 
values. Shaw (1965) and Bartlett (1969) have shown, 
using fluid dynamics calculations, that without a 
stabilizing volatile concentration gradient, magmas of 
these viscosities within chambers of these dimensions 
will experience natural convection. 

An accretionary model depending on convection 
currents carrying crystal charged magma past the 
margins of the chamber, with the crystals adhering to 
an advancing solidification front, seems to be equally 
untenable on textural grounds since preferred orien- 
tation of the crystal phases or igneous lamination is 
absent. 

Because of the small values of chemical diffusivities 
in silicate magmas (Bowen, 1921) even when the 
magmas are hydrous (Hofmann, 1980), Soret diffusion 
was thought to be severely limited in extent and that 
indeed any diffusive transport in static magma would 
not be an important mechanism of differentiation 
(Shaw, 1974). However, diffusion across convecting 
boundary layers can achieve a rate of chemical sepa- 
ration much greater than by Soret diffusion alone 
(Tyrrell, 1961). Such a differentiation process con- 
trolled by convection-driven thermogravitational dif- 
fusion could take place in an essentially all-liquid state 
(Hildreth, 1979, 1981), with mass transfer of the 
relevant chemical species across the inwardly advanc- 
ing boundary between the convection cell and a static 
zone charged with clouds and wisps of minute crystal 
nuclei (McBirney and Noyes, 1979). Certainly, the 
textures present in the Cafias and Puscao plutons are 
not inconsistent with such an in-situ mechanism. 

Hildreth (1979) has pointed out that the above type 
of mechanism is influenced by temperature distri- 
butions, compositional gradients within the magma, 
systematic roofward change in silicate-melt structure 
and other parameters such as ligand-field stabilization 
energies, but these effects are rather imperfectly known 
generally and there is no data in the present study which 
enables them to be quantified. 

Despite this 
thermogravitational mechanism with mass transfer 
across the boundary between the convection cell and 
the static zone on the floor, sides and roof of the Cafias 


caveat, such a convection-driven 


pluton would produce a sandwich-like chemical distri- 
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bution with the more silicic fraction in the centre of the 
chamber and an associated concentration of volatiles 
not unlike that proposed by Vance (1961). 

If the chemical variation within the Puscao pluton 
resulted from such processes within a convecting body 
of magma, did it also have an upper half to the 
‘sandwich’? The presence of large isolated areas of roof 
material within the outcrop of the pluton without any 
evidence of a reversal of the chemical/mineralogical 
gradient suggests that the development of the upper 
part of the ‘sandwich’ was prevented for some reason. 

In addition to facilitating the transfer of other 
constituents, the progressive enrichment of the magma 
in volatiles, as a result of diffusion and crystallization at 
the margins, is thought to promote the establishment 
above the isolated convection cell of a stagnant more 
silicic body of magma having a stable density gradient, 
i.e. layered. Such a stagnant body would experience 
diffusive transfer and grow at the expense of the 
convecting magma (Hildreth, 1979). As a result of this 
stagnant body of magma, progressive solidification at 
the margins of the convective cell is restricted to the 
floor and walls as granodiorite, whereas any solidifi- 
cation against the roof will be from the less dense silicic 
part of the stagnant magma body as aplogranite. Only 
at some later stage, with the waning of the convection 
cell, would the solidification of convected magma take 
place against the cooling base of the now solidified 
upper stagnant zone. It was probably the reduction in 
volume associated with this final consolidation phase 
which produced a sag effect, thus allowing the emplace- 


ment of the numerous horizontal aplite sheets within 
the aplogranite of the Tumaray facies, produced within 
the upper stagnant zone. 

The whole of the upwards progression from more 
basic to more silicic constituents within the Puscao 
pluton cannot have been produced within the stagnant 
zone above a convection cell because the accumulation 
of flat-lying swarms of basic xenoliths on successive 
horizons in the layered granodiorite, and the downward 
deflection (cf. glacial drop-stone) of such a swarm by a 
huge xenolithic block of earlier granitic country-rock 
necessitate the existence of a floor to the magma 
chamber beneath the layered series. 

The reason why the Cafias magma chamber does not 
appear to have developed a stagnant zone above its 
convective cell may be the smaller overall volume of the 
chamber or the smaller volatile content of the magma, 
or perhaps the zone did develop but was lost as a result 
of venting to the surface. 

The convection-driven thermogravitational model 
would not only account for the regular variations 
within the Cafias and Puscao plutons but would also 
provide an explanation of the very localized nature of 
contamination by the basic xenoliths (Taylor, 1976). 
Such localized contamination could have resulted from 
the later inefficient non-convection-assisted diffusion. 
This diffusion continued after the more widespread, 
more efficient, equilibrating effects of convection- 
assisted diffusion waned due to the upward advance of 
the lower solidification front. 
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The dominant Pb component in the granitoids was derived from an isotopically homogeneous reservoir akin to enriched 

subcontinental mantle. An old crustal Pb component can be detected in the rocks from the Arequipa segment but not in those 

from the Lima segment. However the more evolved felsic rocks from the centred complexes seem to have undergone high-level 
mixing with the material from the Mesozoic cover. 


Introduction (a) distance from trench (km) 


Isotope compositions of Pb, Sr and Nd provide some i 
of the best information on magmatic processes in 
convergent plate boundaries. The success of these 
isotopic systems lies in the fact that the various com- 
ponents which may contribute to magmas generated in 
this tectonic environment have widely different isotopic 
signatures. Thus, single-and double-component sources 
would generate magmas of relatively homogeneous and 
diverse isotopic character, respectively. For example, 
numerous isotopic studies in the Western Cordillera of 
North America have yielded trends which have been 
interpreted as mixing lines or envelopes between 
mantle-derived material and various sialic basement 15.64 
rocks (e.g. Doe, 1967; Doe eal., 1968; Doe and 
Delevaux, 1973; Zartman, 1974; Farmer and DePaolo, 

1983). Here, we present similar results on plutonic rocks 

in the Lima and Arequipa segments of the Coastal ic 

Batholith using the Pb isotopic system. 8 
c 
& 


depth (km) 


Pb isotopic nature of potential 
source materials 


Four zones that can potentially undergo melting with 
addition of water phase dehydration reactions, in an 
Andean-type margin, have been identified (see for 
example the reviews by Green, 1980; Wyllie, 1982). 


16.60 17.20 17.80 18.40 19.00 


206 py / 204 pp 


: . . é Zone Material ppm Pb 
These zones are illustrated in Figure 20.la, and their o ; 
. iS . ees 1 Pacific ocean sediments 20 
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4 Precambrian basement 20 


(1976); and Tilton and Barreiro (1980) are sum- 


marized in Figure 20.1. Zone | represents a veneer of Figure 20.1 (a) Cross section through a subduction complex 


showing the four zones (1—4) that could potentially undergo melting 


Pacific Ocean pelagic sediments which may be sub- 
ducted. The sediments are characterized by relatively 
high 2°? Pb/?°*Pb and 2°8 Pb/?°Pb ratios, and high total 
Pb abundances. The basalts are within the band of mid- 
ocean ridge basalts (MORB) which characterizes de- 


with release of water by dehydration reactions (modified after Wyllie, 
1982). (b) Lead isotopic signatures and total lead concentrations of 
the four zones in Figure 20.la. Data are from Chow and Patterson 
(1962), Reynolds and Dasch (1971), Zartman and Tera (1973), 
Meijer (1976), Unruh and Tatsumoto (1976), and Tilton and 
Barreiro (1980). 
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pleted sources, and on the average, they have < 1 ppm 
total Pb. 

Zone 3 in Figure 20.la represents the upper mantle. 
Phases from this zone have very low Pb abundances 
(<1 ppm) (Zartman and Tera, 1973; Morioka and 
Kigoshi, 1978), and it has been demonstrated in various 
parts of the world that they can have either highly 
radiogenic or highly depleted isotopic signatures (Doe, 
1967; Zartman and Tera, 1973; Morioka and Kigoshi, 
1975; Doe et al., 1982; Mahoney et al., 1982; Menzies 
et al., 1983). For the Andes, Tilton (1979), and Tilton 
and Barreiro (1980) observed that ores and both 
plutonic and volcanic rocks from central Chile have Pl: 
isotopic compositions of a very limited range that 
plotted well above the MORB field in Pb correlation 
diagrams. Halpern (1979) reported that their 8’ Sr/8*Sr 
ratios are uniformly 0.704, a value usually associated 
with mantle derivatives. Subsequent Pb isotopic ana- 
lyses by Barreiro and Stern (1982), on Quaternary 
basalts and andesites, have further shown that central 
Chilean rocks appear to be derived from an isotopically 
homogeneous source. Such observations encourage the 
hypothesis that these samples represent sub-Andean 
mantle. Evidently it lacks a depleted character and 
may, therefore, be labelled enriched sub-continental 
mantle. 

Finally, zone 4 in Figure 20.1a is ancient lower crust 
which in the Peruvian Andes might be represented by 
the Mollendo and Charcani granulitic gneisses or their 
isotopic equivalents. These rocks have had lowyvalues 
since the time of high-grade metamorphism at ~ 2 Ga 
(Dalmayrac et al., 1977), and they therefore have low 
206Pb/?0*Pb but normal 2°%Pb/?*Pb ratios, which are 
typical of Precambrian granulite terrains. 

Accordingly, if a Pb extraction process such as 
melting or dehydration were to occur in zones | and 2 of 
Figure 20.1a in conservatively estimated proportions of 
20:1 or 95% to 5% basaltic slab to pelagic sediment, the 
resulting liquid would have Pb isotopic composition 
halfway between these two end members. Then as it 
rises and interacts with material in the mantle wedge, 
definite partial melting should be induced. The Pb 
isotopic composition of the product should approach 
the MORB field if the mantle wedge has been depleted 
with respect to incompatible elements for a time period 
in the range of 10° years, but should approach the 
central Chile homogeneous ratios if the mantle wedge is 
enriched or undepleted subcontinental mantle. Any 
subsequent interactions between the magma and an- 
cient lower crustal materials should then lower 
206 Pb/?°*Pb ratios of the magma as shown by the arrows 
in Figure 20.10. 


Discussion 


The continental margin of Peru has been the site of 
repeated igneous activity through much of the 
Phanerozoic. This activity is attributable to interac- 
tions between the Nazca and American plates in the 
tectonic setting of a convergent boundary. The Coastal 
Batholith is one of the three major batholiths associated 
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with this margin. Most important for the Pb isotope 
systematics is the fact that the batholith intrudes a deep- 
water sedimentary and volcaniclastic sequence of 
Lower Jurassic to Upper Cretaceous age in the Lima 
segment, but cuts through Precambrian granulites and 
gneisses in the Arequipa segment (Atherton e/ al., 1983, 
this volume). 

Several studies have dealt with petrogenetic models 
for various super-units which constitute the batholith 
(e.g. Regan, 1976; Taylor, 1976; Cobbing et al., 19775; 
Atherton, 1981; McCourt, 1978, 1981). Although 
opinions on the mechanisms of derivation vary, the 
studies postulate that the upper mantle was the do- 
minant magma source. The purpose of our work is to 
identify the nature of this mantle source through the 
provision of thorough Pb isotopic information, and to 
estimate the degree of possible contamination with 
crustal materials as magmas rise to be emplaced within 
epizonal depths. 


Pb isotopes 


Tilton and Barreiro (1980) showed that substantial 
amounts of Pb from the Precambrian basement rocks 
occur in the Plio-Pleistocene volcanics of southern Peru. 
Studies by DePaolo and Wasserburg (1977) using Nd 
isotopes, and James (1982) employing Sr and O, have 
also detected a Precambrian component in the 
Quaternary lavas. In view of the fact that Precambrian 
basement rocks are very extensive in the Arequipa 
segment, we decided to investigate and evaluate their 
impact on the older plutonic rocks in the area. 

We present here Pb isotopic results on carefully 
picked and prepared feldspars from the Coastal 
Batholith in the provinces of Ancash, Lima, Ica and 
Arequipa. The results are summarized graphically in 
Figure 20.2. The 7°’Pb/?*Pb v. 2°°Pb/?*Pb and 
208Ph/24Pb v, ?°°Pb/?°*Pb correlation diagrams show 
that all samples lie above the MORB field. This suggests 
that a depleted mantle source such as that observed in 
many oceanic settings and some continental areas is not 
dominant here. The forty samples we have analysed are 
divided into three groups on the basis of their geog- 
raphic occurrence and Pb isotopic ratios. They are 
treated in a framework that considers the central and 
southern Chilean-type mantle (enriched subcontinen- 
tal mantle), Precambrian basement and pelagic sedi- 
ments as possible end members. Samples from the 
Arequipa plutonic complex (Group I in Figure 20.2) lie 
slightly to the left of the field for Chilean-type mantle, 
and those from the Lima segment (Group II) plot to the 
right of, but also overlap with, this highly homogeneous 
mantle source. Four of the samples in Group II (open 
circles in Figure 20.2) have ratios that are much more 
radiogenic than the rest and are considered separately 
below. Another group of samples (Group III) consists 
of samples from the Rio Pisco valley in the Arequipa 
segment, and its Pb isotopic signature is intermediate 
between the extremes of Groups I and II. 

Group I samples are from an area in southern Peru 
where Precambrian basement exposures are very abun- 
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Figure 20.2 Lead isotopic compositions of the Arequipa segment 
(Groups I and III) and Lima segment (Group II and open circles) of 
the Coastal Batholith. These are evaluated in the framework of the 
Nazca plate basalts (closed circles in the MORB field), Pacific Ocean 


dant. Those in Group IJ are from the central part of the 
Western Cordillera where no old basement exposures 
have been observed. Since the majority of the bathol- 
ithic rocks have ages of 80 + 20 (see Mukasa and Tilton, 
Chapter 17, this volume), the mantle reservoir isotope 
ratios are adjusted to 80 million years ago by moving 
the field 80 million years along the Pb evolution curves 
in both parts of Figure 20.2. Although the exact U/Pb 
and Th/Pb ratios in the reservoir are unknown, the 
adjustment is small and should not produce a significant 
uncertainty. The isotopic data show that the Group II 
samples have higher ?°°Pb/?*Pb ratios than the pre- 
sumed reservoir. This relationship appears to be com- 
positionally controlled. Gabbros of the Patap super- 
unit are close to the central and southern Chilean field 
at 80 Ma, but diorites, tonalites and granodiorites of the 
Paccho and Santa Rosa Super-units have slightly lower 
207 Ph/2°4Pb and considerably higher ?°°Pb/?*Pb ratios. 
Analyses on the more evolved super-units of the centred 
complexes which are granitic to monzogranitic in 
composition (open circles in Figure 20.2) give ex- 
tremely radiogenic ratios defining an array with a slope 
of 0.1179 and a correlation coefficient of 0.9972, which 
corresponds to a Pb isochron age of 1.92 Ga. We believe 
that the Pb isotopic trend displayed by these silica-rich 
super-units is indicative of high-level assimilation of 
crustal materials such as those found in the Jurassic to 
Upper Cretaceous marginal basin of Peru. The Pb 
isochron age seems to have no real geological meaning 
although it could represent sedimentary debris derived 


sediments (PS), time-adjusted central and southern Chile homo- 
geneous source (CSC), and the Charcani gneisses (CG). The Pb 
evolution curve of Stacey and Kramers (1985) (S/K) is shown for 
comparison. 


from crustal materials with an age of approximately 
1.92 Ga. 

Although the Group I data are still preliminary and 
require further substantiation, they clearly indicate a 
dominance of lead from the mantle reservoir coupled 
with a lower crustal component typified by the 
Charcani gneiss data. Assuming similar lead con- 
centrations in all pre-contaminated mantle-derived 
magmas, then evidently the Incahuasi tonalite and 
monzotonalite of the Arequipa plutonic complex show 
the greatest crustal involvement. The Tiabaya grano- 
diorite exhibits moderate contamination, and the Linga 
Super-unit has the smallest amount of detectable old 
crustal-derived lead. 


Conclusions 


(1) It is apparent that there is a spatial association 
between the occurrence of a Precambrian basement 
component of Pb in super-units of the Coastal Batholith 
and exposures of Precambrian granulites and gneisses. 
The old Pb component has been detected in all samples 
of the Tiabaya, Pampahuasi, Incahuasi and Linga 
Super-units in the Arequipa segment. In contrast, 
super-units in the Lima segment where Precambrian 
exposures are totally lacking exhibit no detectable old 
crustal lead component. 

(2) The boundary between the Lima and Arequipa 
segments which is based on super-unit characteristics 
and assemblages may be a manifestation of fundamen- 
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tal differences in the age, composition and thickness of 
the crust in which the batholith was emplaced. 

(3) The dominant Pb component in all super-units 
appears to have come from a (time-adjusted) isotopi- 
cally homogeneous reservoir very similar to that iden- 
tified by Tilton (1979), Tilton and Barreiro (1980) and 
Barreiro and Stern (1982) for the Quaternary ores, and 
volcanic and plutonic rocks in central and southern 
Chile. If this reservoir represents a mantle source, then 
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the sub-Andean mantle in Peru does not have a 
depleted character. 

(4) Assuming the same degree of fractional crystalli- 
zation of lead-rich phases in all pre-contaminated 
magmas, mixing models suggest that there is more 
Precambrian crustal component in the Incahuasi and 
Tiabaya Super-units than there is in the Linga plutonic 
suite. 
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The Coastal Batholith of Peru intrudes the margin of 
the South American Plate, its outcrop lying parallel to 
the existing trench. For much of its length it occupies 
the axis of an extensional marginal basin which contains 
the flows and debris of a volcanic line active during the 
Early Cretaceous. These ‘primitive’ basic rocks formed 
the new crust into which the batholith was emplaced. 

That high heat flows were early established along this 
volcano-plutonic lineament can be deduced from stu- 
dies of the largely non-deformative, burial meta- 
morphism which accompanied the mild compressive 
phase. 

The hornblende-bearing, early gabbros constitute an 
important component of this new crust and continue to 
mark the lineament beyond the confines of the marginal 
basin. They represent tholeiitic magmas derived by 
partial melting of a mantle wedge, possibly as a result of 
the release of heat and volatiles above a suspected 
Cretaceous subduction zone. 

The granitoid batholith itself extends beyond the 
basin, crossing pre-existing, transverse structural lines 
and entering into old crystalline crust, the magmas 
being channelled along the same deep-seated suture 
that had actually opened beneath the basin itself. In 
whatever type of crust it is emplaced essentially similar 
tonalites and granodiorites form the predominant rock- 
type. 

The batholith is both composite and multiple and its 
many constituent plutons were assembled, episodically, 
over an 80m.y. period. The age-pattern differs along 
the length of the batholith with a tendency to young 
northwards. Furthermore, within each episode, there 
seems to be a connection between a shortlived compre- 
ssional event and the onset of granitoid emplacement, 
with dyke intrusion following during the relaxation: it is 
as if upwelling was slowed during compression and 
accelerated during tension. 

Although some writers have envisaged a nice re- 
lationship between such tectono-magmatic episodes 
and increases in the rate of sea-floor spreading, the 
variations along the batholith make it difficult to apply 
such a simple model. However there may well be a gross 
connection between the maxima of intrusion volume 
(100-80 Ma) and the higher-than-normal sea-floor 
spreading rate in the mid-Cretaceous. 

Throughout the life of the batholith basaltic-andesite 


magmas were available, mainly in the form of synplu- 
tonic dykes though, as might be expected, the greatest 
concentration of such basic dykes is localized within 
that part of the batholith occupying the core of the 
marginal basin. 

The emplacement of the batholith was controlled by 
growth fractures on all scales and, at depth, the magmas 
are likely to have been continually channelled into the 
same preheated, deep-reaching lineament, the locus of 
intrusion only migrating eastwards during the last 
40 m.y. Essentially this represents gap-filling though it 
must be emphasized that actual transverse opening was 
limited—the batholith is not a ‘great dyke’. 

At the present level in the crust the form of all the 
intrusions, both the plutons with their steep walls and 
flat roofs, and the near-vertical dykes, was controlled by 
a brittle-fracture system. Such fracturing is consonant 
with other evidence of a high crustal level of intrusion, 
viz. the contrast in the relative ductility, fluid-inclusion 
studies, the localized, short-lived, contact metamor- 
phism, and the occurrence of centred ring-dyke com- 
plexes in which the operation of fluidization processes is 
very evident as tuffisites. It is likely that some plutons 
within the centred complexes rose to within a few km of 
the surface, even into the base of the overlying caldera 
as, for example, in the Fortaleza complex. Indeed such 
plutons may have vented to the surface though it is not 
envisaged that much of the presently existing plateau- 
volcanic cover was derived from the batholithic plu- 
tons. Rather any contemporary volcanic rocks were 
vented from fissures represented by the dykes, perhaps 
tapping the same source as the granitoids but at a 
deeper level, and at times of tension. Perhaps the 
obvious rheological contrast between dyke-fill and 
pluton-fill is dependent on the relative abundance of 
suspended crystals, itself dependent on the temperature 
at source. 

At the high crustal level which is a feature of the 
batholith along its entire length, plutons were emplaced 
by a combination of roof-lifting and cauldron sub- 
sidence, associated with lesser piecemeal stoping. Thus 
the plutons seem to represent tabular bodies lying in the 
crust, fed and inter-connected by linear and arcuate 
dykes. In Peru the lower levels of the batholith are not 
revealed by erosion. However with a piston-filling 
mechanism the obvious difficulty in heating up huge 
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crustal blocks requires that block subsidence will be 
operative down to the zone of melting. 

As revealed at the present level of erosion arrays of 
intersecting plutons form individual plutonic com- 
plexes nucleated with a regular spacing of 120 km. Such 
complexes may represent the former location at depth 
of separate, podded, melt-cells in which both melting 
and the early stages of the evolution of the magmas took 
place. The fact that within the same complex there were 
dramatic changes of composition between time- 
separated melt-batches, e.g. from a K-rich suite to a K- 
poor suite, suggests that melting may have occurred at 
different depths at different times, and that sometimes 
there was a progressive shallowing in the level of 
melting. 

Within these plutonic complexes the predominant 
tonalites and granodiorites form great, compositionally 
zoned, lenticular-shaped plutons whilst the later, very 
subordinate ‘true’ granites occur either as large homo- 
geneous plutons or as nested assemblages of plutons and 
ring-dykes. Petrographically these granitoids show re- 
latively simple, magmatic textures. They represent 
water-undersaturated magmas rarely concentrating 
water to saturation point, and only then in the most 
evolved fractions. Detailed studies of the plagioclases 
show interruptions of growth consonant with a multi- 
stage intrusion history involving residence in magma 
chambers at different levels in the crust. 

The rocks themselves have been assigned in the field 
to distinct time-separated plutonic units, consan- 
guineous compositional sequences of which from clear- 
ly defined super-units (suites). The differences between 
the latter are expressed in terms of texture, fabric, 
mode, xenolithic population and the nature of the time- 
associated dyke swarms. Appropriately each super-unit 
has its own geochemical signature, indicating a separate 
evolutionary history, yet each conforms to a simple 
pattern of calc-alkaline geochemical variation charac- 
teristic of magmas undergoing crystal differentiation, 
albeit with variations in the proportions of the pre- 
cipitating crystal phases, plagioclase, clinopyroxene 
and hornblende. Whereas some zoned plutons are 
multipulse, in others the variations were developed in 
situ, presumably by the process of marginal accretion 
coupled with centripetal segregation. Thus differen- 
tiation can be modelled as occurring during the whole 
of the emplacement process. Furthermore, at the high- 
est crustal levels and within the centred ring com- 
plexes, actual magma mixing took place in a fluidized 
medium. Early segregated and partially consolidated 
material was continually reworked and is represented 
by the microdiorite enclaves which are especially 
abundant in the tonalites and granodiorites. However 
there are other enclaves derived from the disruption of 
synplutonic dykes, the accidental inclusion of the 
volcanic rocks of the envelope, and possibly also the 
residue from remelting processes. 

Different segments of the batholith are characterized 
by different assemblages of the super-units, each with its 
special features, e.g. the compositional segmentation 
corresponds in some measure to changes in the relative 
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importance of the batholith-associated mineralization. 
Within the segments (five in all along the entire length 
of the batholith) there is a marked uniformity in the 
character of each super-unit or magma sequence over 
great distances. Nevertheless subtle geochemical con- 
trasts can be identified between rocks of the same 
sequence where they appear in separate intrusive 
complexes along the axis of the batholith. This suggests 
that each generative melt-batch was divided between 
physically separate melt cells. 

Concerning the source of the melts there is an overall 
uniformity of the initial ®’Sr/®*Sr ratios which is charac- 
teristic of the upper mantle, with only local con- 
tamination by old crustal material, and the origin of 
these typically I-type granitoids must be sought in a 
deep-crustal or subcrustal source of considerable homo- 
geneity, a view confirmed by the Nd, U-Pb and 8'8O 
systematics. Because the granitoids are essentially 
similar whether they intrude new or old crust, a source 
deeper-seated than either must be sought, and all the 
geochemical parameters point to the sub-continental 
mantle, locally enriched or depleted in the LIL 
elements. 

In fact the origin of a typical tonalite may be 
adequately modelled by the melting of spinel-bearing 
peridotite to first produce a basalt, from which the 
subsequent precipitation of olivine and pyroxene leads 
to the production of a tonalitic liquid analogous in 
composition to the most basic type of granitoid found in 
the Coastal Batholith. The intrusion of basaltic- 
andesite dykes throughout the period of emplacement 
of the granitoids is consonant with a model which 
derives basaltic magmas from the mantle. 

It is envisaged the basaltic magma was derived 
directly from the mantle wedge, with a volatile input 
from the underlying subduction zone. It was then either 
ponded, and differentiated by fractional crystallization 
to produce a tonalite melt, or solidified, to be episodi- 
cally remelted. The geophysical evidence for a lower 
crust with a density compatible with a basaltic com- 
position inclines us to the latter alternative. 

There remain some special problems. The greater 
abundance of true granites in the Lima Segment cannot 
simply be explained as due to differential erosion of a 
silicic top to the batholith: the erosion level is equally 
near the roof in parts of the Arequipa Segment which 
contains few young granites. It may be possible that the 
more evolved character of the younger intrusions of the 
Lima Segment is due to a refining process in the source 
region that is a consequence of repeated episodic 
remelting over a long period. In this connection the 
most acid super-units and their attendant ring com- 
plexes are found in precisely that portion of the 
batholith lineament in which basic ‘new crust’ is most 
fully developed and in which the heat flow was highest. 
As to the fundamental problem of enhancement of 
granitoid-production at active ocean-continent plate 
edges it seems that melting and differentiation processes 
are favoured by subduction of oceanic crust and 
thickening of the lithospheric wedge in the vicinity of a 
continental lip. 
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The mineral deposit types of plutonic affinity and lalte-magmatic to hydrothermal nature are described in association with the 

Early Gabbros and Coastal Batholith of Peru. Important changes in the abundance and diversity of these deposits are 

reported coinciding with the segmentation of the batholith. In the case of the Arequipa segment, Fe-Cu-(Co) deposits were 

formed during the mid-Cretaceous gabbrotc stage, whereas in Late Cretaceous times the granitoid super-units generated Cu 

veins, Cu-Mo ores of porphyry types, Cu-Mo-W skarns and Au-Ag veins. In contrast, and in spite of the uniform erosion 
level at which the batholith is exposed, the Lima and Trujillo segments are relatively barren. 


Introduction 


The purpose of this chapter is to outline the nature 
and abundance of the mineral deposits distributed 
along the coast of Peru in association with its main 
geological feature: the segmented Coastal Batholith. A 
thorough account is presented for the Huaura-Ica 
region, between 11° and 14° latitude S where the best 
known transects of the Lima and Arequipa segments of 
the batholith occur, and where a comprehensive survey 
of mineral deposits has been carried out by the author. 
This survey is extended on a reconnaissance basis as far 
as Arequipa (Figure 22.1). 

Amongst many important differences between the 
Coastal Batholith segments, there is one which is the 
main concern of this paper, namely the abrupt change 
in the diversity and abundance of mineral deposits of 
plutonic affinity which coincides with the transition 
between the Lima and Arequipa segments. 


The mineral deposits 


Based mainly on their mineralogy and geometric 
modes of occurrence, seven types of mineral deposit 
have been recognized as clearly related to the mag- 
matism within the marginal basin and the intrusives of 
the batholith. Of these, two are clearly volcanogenic 
and five are of plutonic affinity (Vidal, 1980). 

The deposits of volcanogenic affinity define either 
layered concentrations of barite with base-metal sul- 
phides, or stratabound amphibole-pyrite-chalcopyrite 
bodies. Both types occur within predominantly volcanic 
host rocks of mid-to late Cretaceous age. 

Those deposits of plutonic affinity include a first type 
that is perhaps more closely associated with the early 
gabbros than the later granitoids, and these comprise 
amphibole-magnetite-chalcopyrite sheets, veins and 
irregular bodies. The remainder are more certainly 
granitoid associated and include (i) quartz-specularite- 
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Figure 22.1 Geology of the central coast of Peru, showing the main 
mineral deposits of the region. (Geological base from Maps 1, 2, and 
unpublished data provided by E. J. Cobbing and W.S. Pitcher). 


chalcopyrite-(tourmaline-K feldspar) veins; (ii) 
chalcopyrite-molybdenite-scheelite skarns ; (111) quartz- 
carbonate-auriferous pyrite veins; and _ (iv) 


chalcopyrite-molybdenite-pyrite-(quartz-sericite) dis- 
seminations and stockwork zones of porphyry-Cu 
type. In what follows each of these plutonic deposit 
types is described and the coherence of their regional 
occurrence with particular geological contexts noted 
and exemplified by reference to the local geology of 
some of the main deposits (Figure 22.1) mentioned 
briefly. 
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In addition to the above types there is a largely post- 
batholith stage of stocks, tourmaline breccia pipes and 
major porphyry Cu(Mo) deposits which are a feature of 
the Toquepala segments (Le Bel, this volume). 


Amphibole-magnetite-chalcopyrite deposits 


In addition to the main paragenesis these deposits are 
further characterized by apatite, sodic scapolite and 
sphene; in addition, many of them are found within or 
adjacent to gabbro-diorites of Patap type. Mineral 
deposits are mined for Cu-(Co-Au) ores contained in 
sheets, veins and irregular disseminated lodes found 
within zones of pervasive amphibolitization. 

As an example, in the Monterrosas deposit (No. 10, 
Figure 22.1), the Cu-ore occurs as upright lenses along 
the central portion of a vertical, magnetite-rich, amphi- 
bolitized belt up to 30 m wide. The gabbro-diorite host 
represents a remnant of the early gabbros of Patap type 
that is dissected by younger monzogranites of the Linga 
Super-unit. The ore is only found within the gabbro- 
diorite along splays of a regional E-W fault, the latter 
being barren and relatively free of hypogene alteration 
where it cuts the younger Linga plutons. The ore-body 
at Monterrosas is characterized by gradational contacts 
so that a value of 1.5°% Cu is used in the mine as cut-off 
grade to define an economic zone. Reserves have been 
calculated at nearly 2 million tons of ore with grades of 
1.9% Cu, 20 ppm Ag and 6 ppm Au; anomalous Co- 
concentrations up to 35 ppm are also present (Sidder, 
1981). 

The main occurrences of this first group of deposits 
are found in the Rio Seco district. In the Eliana mine 
(No. 7, Figure 22.1) two ore-bodies occur as flat-lying 
sheets, locally referred to as ‘mantos’, within a gabbro- 
diorite complex, and in the case of the San Martin 
manto the ore body extends outwards as a conformable 
horizon within the altered volcanic country rocks, the 
richest portions being found, however, at the gab- 
bro-diorite contact (Figure 22.2). These stratiform mi- 
neral deposits, here and elsewhere in the Rio Seco 
district, show gradational contacts and their gangue 
mineralogy resembles that of the late-magmatic 
‘deuteric’ phases in the gabbro-diorite host away from 
the mineralized zone. As a measure of the importance of 
this type of deposit, at least 0.5 million tons of ore 


averaging 1.7%, Cu has been exploited from the Eliana 
mine. 

The magnetite veins of Acari (Dunin-Borkowsky, 
1969) and the Cu mantos and veins of Raiul- 
Condestable (Cardozo, 1978; Ripley and Ohmoto, 
1977) (No. 3, Figure 22.1), have also been included in 
this first type. In addition to the mineralogical simi- 
larity between all these deposits (Canepa and Fodale, 
1972), they are all believed to be genetically associated, 
variously, with the Patap gabbros (see Chapter 9 and 
Map 1B) and the coeval eugeosynclinal volcanics of the 
Casma Groups. The ore-bearing fluids, as shown at 
Monterrosas, Eliana and Acari, were generated at 
plutonic levels by a combination of segregation (Dunin- 
Borkowsky, 1969) or late-magmatic hydrothermal ac- 
tivity. Fluids of this kind might have migrated away 
from the parent intrusions interacting with the volcanic 
pile which was undergoing low-grade regional meta- 
morphism. Hence, a spectrum of related mineral de- 
posits characterized by magnetite-rich Cu-ores and 
intense sodium chloride metasomatism was produced 
(Vidal, 1980). 

In most cases these deposits are located within or 
along intrusive contacts of gabbro-diorite plutons ; 
however, in the case of the Ratl-Condestable deposits, 
no immediate gabbroic intrusive is known. 


Quartz-specularite-chalcopyrite deposits 


The mineral deposits of this type are distributed 
within or immediately adjacent to K-rich granitoids as 
clustered groups of fracture-controlled veins with little 
or no economic significance. More than one infilling 
and brecciation episode commonly occurs in the veins 
indicating recurrence of mineralization. Regionally, 
these deposits tend to show mineral assemblages domi- 
nated by quartz-K feldspar-magnetite and tourmaline 
(occasionally associated with pervasive _K- 
metasomatism, e.g. Muerequeque deposit, No. 1, 
Figure 22.1) in the plutonic hosts, whereas in the 
adjacent country rocks their mineralogy changes into 
quartz-specularite-pyrite and chalcopyrite infillings 
(Cinco Cruz district; No. 6, Figure 22.1). Relatively 
small ore bodies can be found in this type of vein; Cu is 
the main ore-component with Ag and Auas recoverable 
minor elements. 
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Figure 22.2 Diagrammatic cross-section of the San Martin manto, 


Eliana mine. 
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These veins are particularly abundant in the Pisco- 
Ica area, where they occur spatially related to most 
units of the Linga Super-unit. Nevertheless, similar 
veins are widespread elsewhere in the batholith and 
these then show spatial relationships to the Tiabaya 
Super-unit, and to some of the young monzogranites in 
the Lima segment. Preliminary fluid-inclusion evidence 
(Agar, 1978) indicates that high-salinity boiling fluids 
were involved in the production of these Cu veins. 


Chalcopyrite-molybdenite-scheelite deposits 


The contact metasomatic deposits of the chal- 
copyrite-molybdenite-scheelite type are invariably 
accompanied by calc-silicate skarns. They occur in the 
vicinity of, or along, major intrusive contacts between 
calcareous sequences and tonalite-granodiorite plutons. 
With few exceptions (e.g. Tentadora: No. 9, Figure 
22.1), they are small and distributed at random in 
hornfelsed roof pendants. In some of these deposits 
important amounts of sphalerite, galena, tetrahedrite 
and bismuthinite occur (De Montreuil, 1977). Thus, 
when fully developed and exposed, these deposits are 
characterized by Gu-Mo-W and Zn-Pb-Bi-Ag ores. 

There is a clear association between these contact 
metasomatic deposits and at least two major super-units 
of the Coastal Batholith, viz. the Incahuasi and 
Tiabaya Super-units (Figure 22.1). The limestone of the 
country rock shows widespread _recrystallization, 
though the formation of calc-silicate is localized. 
Lithological variation within the limestone sequences 
may have contributed towards this situation, but the 
sporadic location of Gu-Mo-W ores mentioned above 
strongly suggests that the fluids migrating at the 
emplacement level of these intrusives were scarce and 
inefficient ore-transporting agents. 
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Quartz-calcite-auriferous pyrite deposits 


The region where the Coastal Batholith outcrops 
between 15° and 16° latitude S (i.e. the Palpa-Ocofia 
region) (Figure 22.3) is characterized by over 70 known 
hydrothermal vein deposits (Vargas, 1975). Most of 
these occurrences were, and a few still are, mined for 
gold with silver and copper as by-products. Some these 
deposits are known and have been mined intermittently 
since the end of the 17th century and have: yielded 
considerable tonnages. Thus the total production re- 
corded for the Palpa-Ocofia region during the 
1903-1955 period was 22600 kg Au; 9530kg Ag and 
about 2000 tons Cu (Simons 1959). 

Similar vein deposits within the batholithic linea- 
ment are very scarce outside the Palpa-Ocofia Au 
province (e.g. Huachoc; No. 2, Figure 22.1). Their 
hypogene mineralogy consists mainly of quartz, calcite 
and ankerite gangue accompanied by auriferous pyrite 
with minor amounts of native gold-galena-sphalerite- 
chalcopyrite and arsenopyrite. 

Sharp contacts with the host rocks and narrow 
alteration aureoles characterize all these veins. 
Individual deposits consist of sets of veins controlled by 
the regional fracture pattern. The veins commonly 
show breccia zones, mylonites and crustification- 
banded ores, thus indicating several episodes of move- 
ment and fissure infilling. 

The majority of veins in the Palpa-Ocofia region are 
found within or immediately surrounding’ silicic 
units of the batholith (Figure 22.3). The predominant 
host rocks are tonalite-granodiorite plutons but, never- 
theless, gabbros, monzodiorites, volcanic sequences 
and clastics also host veins of this type. No unique 
relationship with a single super-unit is apparent when 
their regional distribution is considered as a whole. In 
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Figure 22.3 Auriferous vein deposits in the Palpa-Ocofia region. 
(Geological base from unpublished data provided by E. J. Cobbing). 
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Figure 22.4 Regional setting of the Toquepala segment porphyry- 


Cu deposits. 


the north, the veins occur in spatial association with the 
Tiabaya Super-unit (Hudson, 1974), whereas in the 
south they seem to be related to the Incahuasi Super- 
unit. 

Although gold-assimilation by felsic magmas from 
mafic igneous rocks which are Au-enriched in calc- 
alkaline plutonic series (Tilling, 1973) might have 
occurred locally, the genesis of these auriferous veins is 
still little understood. In particular the question sugges- 
ted by their restricted regional extent and lack of 
relationship with a specific plutonic unit remains open. 


Plutonic porphyry copper deposits of the 
Huaura- Ica region 


In the Huaura-Ica region, a variety of porphyry-Cu 
type deposits occurs. These ore bodies are elliptical 
columns centred on felsic members of dyke swarms 
related to the Tiabaya Super-unit; the two main 
examples are the prospects of Almacén (No.5, 
Figure 22.1) and Los Pinos (No.4). Their volume is 
relatively small, mineralized breccia columns are 
poorly developed and alteration is predominantly 
phyllic. The microgranodiorite dykes have quartz, 
hornblende, biotite and plagioclase phenocrysts; in 
places, they are flow-banded with tuffisitic margins, also 
they are internally altered, and associated with a 
discrete K-metasomatism of their plutonic country 
rocks. 

The reasons why only specific portions of the Tiabaya 
dyke swarm are mineralized remain unknown; never- 
theless, their genesis is envisaged as being similar to 
that described for the ‘plutonic-type’ porphyry-Cu 
deposits of the Canadian Cordillera (McMillan and 
Panteleyev, 1980). 
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Porphyry copper deposits of the Toquepala 
segment 


In the study region, the four major porphyry-Cu type 
deposits (viz. Cerro Verde, Toquepala, Cuajone and 
Quellaveco) are also clustered. They line up south of 
Arequipa in the Toquepala segment of the batholith 
(Figure 22.4) along a definite NW-SE lineament 
170 km long which is further characterized by Cu-rich, 
tourmaline breccia pipes. The porphyry-Cu deposits 
show chalcopyrite-molybdenite-pyrite disseminations 
and stockwork infillings; the ore bodies are found 
within strong potassic, phyllic and propyllitic alteration 
shells centred on porphyritic-textured stocks believed to 
be part of the Coastal Batholith (Estrada, 1978). 
Recent radiometric dating has made a strong case for 
their late Palaeocene age (Laughlin, 1968; Estrada, 
1978; Kihien, 1979). Hence, judging from a regional 
perspective, these hypabyssal stocks and breccia col- 
umns represent a separate pulse of igneous activity that 
occurred about 20m.y. later than the youngest super- 
unit of the batholith (see, however, Le Bel, this volume). 
An important uplift period took place between these 
two recurrent pulses of igneous activity (Stewart, 1968) 
and it is likely that the batholith rocks were already 
unroofed by erosion when the younger stocks were 
emplaced at subvolcanic levels. 


Fluid inclusion evidence 


Sixteen granitoid specimens were collected from the 
Huaura section of the Coastal Batholith in order to give 
some preliminary insight into the nature and abun- 
dance of fluid inclusions in the relatively barren Lima 
segment. The results obtained are compared with those 


of similar, more comprehensive fluid inclusion studies in 
mineral-bearing granitoids of the Arequipa and 
Toquepala segments. Previous fluid inclusion research 
has concentrated on the Cerro Verde (Le Bel, 
1979) —Quellaveco (Kihien, 1979) porphyry-Cu de- 
posits, and on eight plutonic members of the Linga 
Super-unit (Agar, 1978). 

The specimens from the Lima segment studied by the 
author belong to the Santa Rosa, Humaya, Puscao, San 
Jeronimo, Sayén and Cajfias units (see Pitcher, this 
volume). The fluid inclusions were observed and de- 
scribed in magmatic quartz crystals; their qualitative 
classification into four different types is shown in 
Figure 22.5. Two specimens of the Sayan unit and one 
each from the San Jer6nimo, Puscao and Humaya units 
were selected as suitable targets for further study on the 
microthermometric stage (Table 22.1). 

The primary fluid inclusion types in the Huaura 
section super-units present no evidence of boiling 
assemblages, as is the case of the Linga inclusions in the 
Pisco section (P,; and Py, Figure 22.6), and those 
reported for Cerro Verde and Quellaveco. In addition, 
the Linga inclusions Py and Sj show higher salinities, 
viz. higher NaCl-KCl contents, than comparable types 
P, and S, of the Huaura section (Table 22.1, 
Figure 22.6). 

This comparison between the fluid inclusion popu- 
lations of different batholithic segments is only of 
preliminary nature. However, it suggests that leaching, 
transport and concentration of base metals was re- 
latively poor in the case of the Lima segment. In the 
Arequipa and Toquepala segments resurgent boiling 
might have mechanically increased the permeability of 
country rocks and parent intrusions (Phillips, 1973) 
enhancing conditions for hypogenous leaching of base- 
metals (Barnes, 1979; Brimhall, 1980) and driving 
external waters into the hydrothermal system. 


Metallogenetic considerations 


Considering the classification of mineral deposits 
presented above, three clearly defined stages can be 
recognized in the metallogenetic evolution of the study 
region south of 11°S (Figure 22.7). The first stage took 
place in an eugeosynclinal, marginal basin setting 
mainly during Albian times; it is characterized by 
volcanogenic barite-Zn deposits of Kuroko-type which 
formed close to or at the sea bottom, and by a group of 
metasomatic Cu-Fe deposits which were deposited from 
NaCl hydrothermal fluids. The later group of deposits 
appears to be genetically related to the early gabbros, 
precursors to the Coastal Batholith, and to their 
response to the low-grade regional metamorphism. 
Hence, the stratabound volcanogenic Cu deposits of 
Raul and Condestable (No.3, Figure 22.2) are here 
considered to be related, however indirectly, to the 


gabbros. 
During the subsequent Late Cretaceous stage Cu 
veins, Cu-Mo-W contact metasomatic deposits, 


porphyry-Cu-Mo occurrences (of ‘plutonic’ type) and 
Au veins were generated as a result of late magmatic to 
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Figure 22.5 Fluid inclusion types in the Huaura section, Lima 
segment. L = brine, V = vapour, H = halite, S = sylvite, C = calcite. 


Table 22.1 Data on salinity and homogenization temperature. 
Fluid inclusions from the Lima and Arequipa segments. 


Lima segment 
Sayan, San Jeronimo, Puscao and Humaya (Vidal, 1980) 


Number of Number of 
determi- determi- 
Type nations Range Mean nations Range Mean 
PB. 93 195-530 = 351.0 25 8.3-23.4 19.5 
¥. 16 220-530 = 424.7 10 19-43 34.5 
S, 13 185-260 = 222.5 8 4.1-21.7 11.9 
Homogenization temperature Salinity 
(°C) (eq. wt. NaCl) 
——_—_——— 
(Data not corrected for lithostatic pressure) 
Lima segment 
Humaya (Vidal, 1980) 
Number of Number of 
determi- determi- 
Type nations Range Mean nations Range Mean 
Pig dt 205-420 = 247.7 7 6.8-23.4 16.9 
P, 4 255-370 308.3 - - - 
S, 11 175-245 212.0 5 8-21.7 14.8 
Homogenization temperature Salinity 
(°C) (eq. wt. NaCl) 
i S 
(Data not corrected for lithostatic pressure) 
Arequipa segment 
Linga Super-unit (Agar, 1978) 
ea 
Number of Number of 
determi- determi- 
Type nations Range Mean nations Range Mean 
Py 24 460-560 + 538+ 4 10.4-17.4 13.6 
Pi 17 340-560 + 536+ 14 26-55 46.3 
Pu = (66 100-550 + 255.6 26 16.5-40 29.3 
Homogenization temperature Salinity 
(°C) (eq. wt. NaCl) 


(P, and Py inclusions: boiling assemblage with no need of pressure correction) 
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S (eq. wt.% NaCl) 


Figure 22.6 Temperature of homogenization (H.T) v. salinity (S) 
fields and means for fluid inclusions found in four super-units of the 


Mean values 


Arequipa Segment 
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Lima Segment includes 
Sayan, San Jerdnimo 
Humaya & Puscao Units 


Type of inclusions 


P- Primary 
S Secondary 


Huaura section, Lima segment. Mean values of the Linga Super-unit 
inclusions of the Pisco section shown for comparison. 
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Figure 22.7 Metallogenetic stages between 11° and 18° S, showing 
the approximate distribution of known mineral deposit types. 


hydrothermal activities of several granitoid super-units 
mainly in the Arequipa segment of the batholith. This 
period was geologically characterized by gradual but 
generalized emergence, probably due to crustal thic- 
kening, and culminated in subaerial conditions. 

The third stage, which evolved after this general 
uplift had provided subaerial conditions, involved the 
production of ‘classic’ porphyry Cu-Mo deposits and 
tourmaline breccia pipes in association with postbathol- 
ithic hypabyssal stocks during Upper Palaeocene times. 
Probably, some of the Cu-Pb-Zn vein and contact 
metasomatic deposits related to unassigned plutons 
immediately east of the batholith (e.g. Condor, and 
Tentadora-Rescate; Nos. 8 and 9, Figure 22.1) were 
also generated at this time. 

Concerning the relative abundance of the economic 
mineral-bearing deposits, the Lima segment is poorly 
endowed. In contrast the Arequipa segment is rich in 
occurrences, yet the deposits of the granitoid stage 
seldom represent really profitable operations. This is in 
strong contrast to the enormous tonnages of the low- 
grade, porphyry Cu-Mo deposits of the post-batholithic 
stage (e.g. Cerro Verde: 1200 million tons, 0.6% Cu, 
Martino, 1977); and, also to those ore-deposits of the 
eugeosynclinal-gabbroic stage which, though in com- 
parison with the latter of more reduced tonnages, tend 
to be of higher grade (e.g. Monterrosas: 2 million tons, 
1.9% Cu, 6ppm Au; Sidder, 1981). Systematic infor- 
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mation is lacking for the Trujillo and Toquepala 
segments. Nevertheless, the Toquepala segment is 
known to host important Cu-deposits of tourmaline- 
breccia and replacement types, and post-batholithic 
porphyry Cu-Mo deposits, whilst the Trujillo segment 
seems to conform to the barrenness of the Lima segment 
(Bellido and De Montreuil, 1972). 

Clearly a major metallogenetic segmentation exists in 
the study region. This change in terms of abundance 
and variety of mineral deposits is located approximately 
at 12°S coinciding with the segmentation of the Coastal 
Batholith and the longitudinal change of facies of the 
coeval volcanics (Cobbing, 1978). However, no con- 
nection with transverse tectonic features appears to 
exist. 

South of 12°S the mineral deposits, both of plutonic 
and volcanic affinity, were formed predominantly by 
hydrothermal processes. Copper was concentrated to 
important economic levels in submarine volcanogenic 
deposits and also throughout the subsequent evolution 
of the granitoids of the Arequipa segment, in association 
with Fe, Co, Mo, Au, Ag and/or W. Such a recurrent 
character of this copper-rich belt is further enhanced by 
the occurrence, in the Toquepala segment, of post- 
batholith stocks with associated porphyry Cu-Mo 
deposits. 

In detail individual super-units within the Arequipa 
segment (e.g. Linga Super-unit, Pisco and Acari sec- 


tions) have mineral deposits of a specific type associated 
with them (Agar, 1978; Hudson, 1974). However, no 
super-unit exhibits a uniform type of mineralization for 
the full length ofits batholithic segment. Furthermore a 
generalized metal zonation exists across the Arequipa 
segment of the batholith which, in spite of the clear Cu- 
predominance in the entire belt, shows more Fe and Go 
to the west, Ag-Au and Mo-W in the centre, and Pb-Zn 
to the east. 


Discussion 


A clear genetic understanding of each mineral 
deposit is needed before the major metallogenetic 
questions can be resolved. The important break in the 
intensity of mineralization documented at the tran- 
sition between the Lima and Arequipa segments is one 
of these. As no major difference in depth of erosion 
appears to occur along the length of the Coastal 
Batholith, hypotheses which related metal distribution 
to differential erosion cannot be sustained. Thus 
previous authors have tried to explain this metalloge- 
netic feature advocating different sub-crustal sources 
for the magmas and the metals involved (e.g. Sidder, 
1981). 

However, various authors in this volume have sug- 
gested a primitive source area for all the granitoid 
magmas of the Coastal Batholith though a subdued 
crustal signature is recorded in the southern segments. 
That individual super-units derived from this source 
are geochemically different from one another (Atherton 
etal., 1979) suggests that the conditions for magma 
generation may be more important than the nature of 
the source in determining the contrasts between super- 
units. 

The fact that individual super-units and _post- 
batholithic stocks within the Arequipa and Toquepala 
segments have higher concentrations of salines in their 
fluid inclusions than in their analogues in the Lima 
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segments suggests that the contrasting abundance of 
mineral deposits is in some way related to a higher 
concentration of halogens in the magmas of the sou- 
thern segments: certainly the scavenging and con- 
centration of the metals would be enhanced by the 
higher concentrations. 

As to the source of these extra volatile components, it 
is observed that there is a parallel change in the 
character of sedimentation : overall the host rocks of the 
Arequipa segment are of more mixed clastic nature, 
and so presumably more porous, than the dominantly 
volcanic lithologies to the north of Lima; also they 
appear to carry more saliniferous horizons. Thus 
water-—rock interaction might well be enhanced and 
the solutions more halogen-enriched as a result. 

On this basis it is envisaged that during the cooling 
stage of the intrusions in the Arequipa and Toquepala 
segments the latter became saturated with external 
waters and probably halogen-enriched, by processes 
similar to those described for other batholiths in the 
world (Taylor, 1977). Even in the case of the gabbro- 
related mineral deposits hydrothermal fluids of mag- 
matic origin might have mixed with the connate waters 
involved in low-grade metamorphism. 

Data do not presently exist to discriminate between 
these alternative hypotheses of either original differ- 
ences in deep source-rock concentrations of metals or 
local differences in the conditions of magma evolution 
and fluid concentration at the emplacement level. 


Acknowledgments 


I am grateful to colleagues from the Geology Department at 
Liverpool University, from the Peruvian Instituto de Geologia, 
Mineria y Metalurgia, and from the Universidad Nacional de 
Ingenieria of Lima, in particular Professor W. S. Pitcher, Ing. E. 
Ponzoni and Ing. Alberto Benavides. All the painful job of decipher- 
ing, correcting and typing the handwritten original was done by my 
lovely wife Norma. 


249 


Mineralization in the Arequipa segment: the porphyry- 
Cu deposit of Cerro Verde/Santa Rosa 
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The metallogenic scenario revealed by an in-depth study of the Cerro Verde/Santa Rosa porphyry-Cu deposit establishes a 
genetic link with the relatively young units of the Coastal Batholith and emphasizes not only the importance of the 
orthomagmatic process in the formation of such deposits but the essential connection with subduction systems. 


Introduction 


The Cerro Verde/Santa Rosa porphyry-Cu deposit 
(16°30’, 71°37’W), the property of Minero Peru, is the 
second deposit of this type to have been developed in 
Peru, after Toquepala. Probably discovered in 1868, it 
required about 90km of drill cores in order to prove 
62.10 tons of leachable ore containing 1% Cu and 
1200. 10° tons of sulphide ore containing 0.60% Cu (in 
Mineria, 1977). The mining started in 1977, and in 
1979 the annual production of Cu reached 33 000 tons 
of cathodic Cu. Together with the Quellaveco, 
Toquepala and Cuajone porphyry-Cu deposits, they 
form probably the most fertile segment of the Peruvian 
Coastal Batholith, and provide Peru with an high 
potential of Cu productivity. 

The chapter reviews mineralogical, petrological and 
geochemical work carried out by the author for a better 
understanding of the porphyry-Cu metallogenesis. 


Magmatism 


The plutonic rocks enclosing the subvolcanic por- 
phyries genetically related to the Cerro Verde/Santa 
Rosa porphyry-Cu deposit form the intrusive complex 
‘La Caldera’ (Stewart, 1968). This complex was first 
studied by Jenks and Harris (1953) who recognized, 
near Arequipa, plutonics believed to be representative 
of the entire Coastal Batholith and similar to the rocks of 
the Southern California batholith. Further work has 
been carried out by Guevara (1969), Vargas (1970), 
Garcia and Del Pino (1978) and Le Bel (1979), and 
provides data to be integrated with the more extensive 
work on the entire Peru Coastal Batholith initiated by 
Pitcher (1978, 1979) and Cobbing et al. (1981). This 
complex was emplaced during major subduction re- 
lated distensive events (Mégard, 1973) between 100 
and 60 Ma (Mukasa, this volume) into the Western 
border of the Brazilian craton. This part of the craton 
has been dated at 2 b.y. using either U/Pb (Dalmayrac 
et al., 1977) or Rb/Sr techniques (Cobbing et al., 1977; 
Shackleton e al., 1979) and is isotopically enriched with 
an °’Sr/®°Sr average of 0.760 at the time of emplace- 
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ment of the Coastal Batholith intrusive complex. 

The complex comprises several super-units (Figure 
23.la) emplaced according to the probable following 
sequence (after data by Mukasa, this volume, and Le 
Bel, unpublished): Incahuasi* (> 100 Ma)—Linga 
(100? Ma)—Jahuay (87 Ma)—Laderas (?)—Tiabaya 
(80-78 Ma)—Yarabamba (68Ma)—Cerro  Verde/ 
Santa Rosa porphyries (60Ma). Most of the 
K/Ar ages in the range 59-56 Ma previously published 
(Estrada, 1969) for the Tiabaya and Yarabamba super- 
units, reveal important resetting by thermal events 
related to the emplacement of porphyries. Only the 
Incahuasi unit shows a superposed deformation, mostly 
shearing and associated greenschist facies metamor- 
phism, but although a strong E-W foliation affects the 
Laderas unit no metamorphic paragenesis is noticeable. 
An analysis of the tensional faulting of the Yarabamba 
unit near Cerro Verde reveals an important E-W 
component and also a NW-SE—NE-SW / system 
(Figure 23.2); the later mimics the ortho-Andean 
system affecting the La Caldera complex and _ its 
envelope. 

The petrology of the super-units near Arequipa has 
been described in Johan et al. (1980) and more recently 
an extensive study dealing with the petrogenesis of the 
Linga Super-unit has been presented (Le Bel ef a/. 1981; 
see also Chapter 12). These studies advocate partial 
melting of an enriched source (which could be the 
subcontinental mantle) followed by high-level fractio- 
nation involving mainly plagioclase, pyroxene and/or 
amphibole, which give batches of liquids suffering only 
minor crustal contamination. 

However only the Yarabamba Super-unit and the 
porphyries are directly involved in the porphyry-Cu 
mineralizing system. Thus two granodioritic phases of 
the Yarabamba host the porphyries and associated 
breccias of Cerro Verde and Santa Rosa (Figure 24.1a). 
The northern episode phase exhibits monzonitic tex- 
tures where K-feldspar (Or,,_,,,) hosts zoned plagio- 
clase (An,,-An,,), biotite and magnesian hornblende. 
The southern one exhibits in addition to this para- 
genesis some clinopyroxene (Wo,,En,,Fs,, to 
*Now reassigned to Punta Coles. 
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Figure 23.1 (a) Map of the main super-units forming the ‘La 
Caldera’ intrusive complex near Arequipa (for range of rock types 
see text). 1, Incahuasi; 2, Laderas; 3, Gabbro-diorite; 4 and 5, Linga; 
6, Tiabaya N. W.; 7, Yarabamba; 8, Tiabaya; 9, Jahuay and 
Tambo; G, Charcani gneisses; c, Chocolate Formation; Y, Yura 


Wo,,En,,}’s,,) and ilmenite characterized by a high 
content of pyrophanite component (up to 17.8% 
MnO). Major and trace element data are given in 
Table 23.1 where it is seen that this extensive monol- 
ithic super-unit is constituted of typical calc-alkaline 
granodiorites of continental margin affinity. The initial 
strontium isotope ratio of 0.7055 is also typical of the 
southern part of the coastal batholith, significantly 
higher than the mean value of the initial ratios of the 
other segments (0.7042, Beckinsale, this volume) where 
Precambrian basement is lacking (Table 23.1). 

The granodioritic porphyries control the location of 
the deposit and intrude the southern phase of the 
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Figure 23.2 Directions of the tensional faulting measured in the 
Yarabamba Super-unit near Cerro Verde and Santa Rosa. 
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formation: S, Socosani formation Black patches: late porphyries 
(Cerro Verde, Santa Rosa and Cerro Negro) (b) Enlargement of the 
Cerro Verde—Santa Rosa area. Note the development of breccias at 
Cerro Verde. AA’ and BB’ are the cross-sections used below. 


Yarabamba Super-unit. Contacts are sharp and 
characterize a passive emplacement (Kihien, 1975). 
Phenocrysts of plagioclase with inverse-normal zoning 
(An,,>An,,—An,,), biotite (Ti = 0.46 at./u.f.; 
AlY! = 0.22 at./u.f.; Xy,_=0.61) and quartz, lie in a 
matrix constituted by the ternary assemblage quartz- 
albite (An,;Or,;Ab,,)—orthoclase (An, Or,,Ab,). 
Johan et al. (1980) demonstrated, from petrologic con- 
siderations, that this type of porphyry evolved under a 
Ju0 ¢. 1500 bars and reached the water-saturation line 
when the quartz phenocrysts crystallized at around 
685°C before the matrix was solidified. When the H,O 
exceeded the loading pressure the residual magmatic 
system became super-cooled according to the shift of the 
solidus and the matrix suffered rapid quenching before 
reaching the ternary eutectic. 

A water-content of about 6.5wt.% is compatible 
with such an evolution (Tuttle and Bowen, 1958) and 
can provide the primary magmatic fluids required by 
the porphyry-Cu system (see below). 

Major and trace element analysis (Table 23.1) of 
nearly unaltered granodioritic porphyry of the eastern 
part of the deposit (Santa Rosa) show a strong identity 
with the mean composition of the circum-Pacific por- 
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Table 23.1 Whole rock analyses of granodiorites from the main super-units forming the intrusive complex near 
Arequipa. (All by ICP except Sr isotope data, by I.D.).*: Sr; for Linga calculated using a gabbro. 
——— eee 


Unit (age, Ma) Linga (100) Tiabaya (80) Yarabamba (68) Santa Rosa Porphyry (60) 
North South altered unaltered altered 
Sample no. BLB 37 GR 1 SR. 75.81 SR. 75.107 510.41.F3 508.5/37 504.32.F7 
SiO, 64.94 66.18 63.71 63.45 67.03 67.56 67.2 
Al,O, 14.91 15.34 16.76 16.25 15.41 15.91 14.55 
Fe,O, 5.06 4.39 5.37 5.57 5.74 3.76 5.41 
MnO 0.10 0.11 0.09 0.10 0.12 0.09 0.03 
MgO 1.43 1:53 1.4 1.79 1.04 1.00 0.54 
CaO 3.48 4.40 5.16 4.6 0.19 3522 0.98 
Na,O 3.20 3.14 3.36 3.38 0.28 3.80 0.12 
K,O 4.70 3.66 2.77 2.92 4.45 2.54 4.60 
TiO, 0.74 0.36 0.46 0.62 0.55 0.32 0.31 
P.O, 0.20 0.17 0.21 0.16 0.15 0.08 0.17 
LOL 0.43 0.70 0.99 1.32 4.90 1.65 5:33 
>» 99.19 99.98 100.23 100.16 99.86 99.92 99.24 
Ba 831 767 895 687 1040 851 790 
Rb 217 143 78 88 141 53 132 
Sr 308 402 450 426 55 529 48 
Co 1] 10 23 24 18 14 35 
Cr 14 13 19 18 27 14 11 
Ni 14 13 15 24 17 16 25 
Cu 45 20 < 10 < 10 4742 521 4085 
Vv 102 98 88 131 146 58 86 
La 30.8 21.9 26.5 18.0 13:7 11.3 
Ce 58.2 40.8 53.2 39.2 24.7 20.0 
Nd 28.3 16.5 23.7 19.8 12.5 9.4 
Sm 6.5 3.2 4.5 3.9 1.8 1.5 
Eu 0.99 0.82 1.2 0.91 n.d. 0.62 0.55 
Gd 4.2 3:2, 3.4 3.6 1.4 1.3 
Dy n.d. 1.9 2.9 3.1 1.1 1.0 
Er n.d. 1.1 1.7 1.7 0.67 0.58 
Yb 22 Tel 1:7 L7 0.64 0.60 
Lu 0.38 0.23 0.30 0.27 0.12 0.10 
x n.d. 117 18.0 19.0 n.d. 6.9 6.5 
87Sr/86Sr n.d. 0.70648 n.d. 0.70608 n.d. 0.70585 0.71237 
Sr, 0.7051* 0.7053 n.d. 0.7055 n.d, 0.7056 0.7056 
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phyries involved in major porphyry-Cu deposits estab- 
lished on an active continental margin (Dummett, 1978). 
The Santa Rosa porphyry is chemically slightly more 
evolved than the other members of the different super- 
units forming the La Caldera complex, except that of 
Linga, reaching granitic composition with 70% SiO, 
(see Agar and Le Bel, this volume). More differences 
can be seen on REE patterns (Figure 23.3) where the 
field occupied by the Santa Rosa porphyries lies under 
the curves representing rocks (at approximatively the 
same level of evolution) of the main super-units, i.e. 
Linga, Tiabaya and Yarabamba. While the general 
shape of the patterns is identical (roughly the same 
fractionation but at different absolute levels) one can 
note the significant positive Eu anomaly of the por- 
phyry which is probably related to a larger amount of 
amphibole involved in the processes of magma gene- 
ration (Hanson, 1980). The general REE depletion 
could reflect either the lighter REE level of the source 
area or the effect of processes such as settling of accessory 
minerals or unmixing of chlorine-rich fluids (Flynn and 
Burnham, 1978). The latter explanation is evidently the 
more interesting from a mining exploration point of 
view. Hydrothermal alteration only slightly affects the 
REE contents, producing slight general depletion but 
no fractionation (Table 23.1 and Figure 23.3). The 
strontium isotope ratios calculated for an emplacement 
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at 60 Ma give 0.7056 using either fresh or hydrother- 
mally altered material (Table 23.1). The slight en- 
richment with time of the initial ratios from Linga 
(100 Ma, 0.7052) to the Santa Rosa porphyry (60 Ma; 
0.7056) probably indicates generation of the sub- 
duction related super-units from a single but evolving 
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Figure 23.3. Rock/chondrite REE patterns of granodiorite from the 
main super-units of the ‘La Caldera’ intrusive complex (see also 
Table 23.1). 1, Linga; 2, Tiabaya; 3, Yarabamba North; 4, 
Yarabamba South; 5, field for the Santa Rosa porphyry (the upper 
limit is from an unaltered sample; the lower one is from a sample 
strongly affected by K-metasomatism). 


sub-cratonic source. Lead isotopes (Mukasa, this 
volume) support this interpretation. 


Hypogene hydrothermal alteration 


Lowell and Guilbert (1970) have recognized in a 
large number of porphyry-Cu deposits a zonal con- 
centric disposition of alteration zones that they have 
proposed as a model. The potassic-phyllic-propylitic 
alteration sequence has also been observed in the 
porphyry-Cu deposits of Latin America (Hollister, 
1974) with however a considerable development of the 
phyllic zone. The Peruvian deposits (Aguilar et al., 
1974) fall into this category. At Cerro Verde/Santa 
Rosa there are two large distinct alteration zones clearly 
related to the NW-SE linear disposition of the porphy- 
ritic intrusive masses and associated breccias. The 
internal zone is the phyllic zone with an exclusive 
development of quartz and sericite from the original 
magmatic assemblages. It is surrounded by a propylitic 
zone where the magmatic assemblages are more or less 
modified but not totally obliterated. A cross-section of 
the Santa Rosa deposit (Figure 23.4) shows more 
details in the distribution of the alteration zones and 
reveals some remnants of a biotitic zone and subzones 
where a discrete mineral becomes particularly abun- 
dant (e.g. calcite, siderite, tourmaline and anhydrite 
subzones). The propylitic zone exhibits the characteris- 
tics of an isochemical epizonal metamorphism. On the 
contrary, the phyllic zone to which the economic 
concentration of copper is linked, is a product of an 
important potassic metasomatism (AK,O > 2; see 
Table 23.1; calculated according to Davies and Lutha, 
1978) leading to the stabilization of large quantities of 
potassic micas (biotites and phengites) at the expense of 
felsic material of the Yarabamba granodiorites or of the 
porphyries themselves. The hydrothermal biotites pro- 
gressively grow on the primary magmatic ferromag- 
nesian minerals and rapidly invade the rocks of biotitic 
zones. From the magmatic stage to the late biotitic stage 
we can see (Figure 23.5) a chemical evolution characte- 
rized by the appearance of Al in octahedral sites and the 
decrease of the Ti content, the X ,, ratio (Mg/Mg + Fe) 
remaining at the same level. This evolution is 
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temperature-dependent and the introduction of Ti 
and Al occurs according to the following modes of 
substitution: 2Si/¥, Mg! 2 2Al'’, Ti! and Sil¥, 
MgY'2 Al’, AlY!, proposed for phlogopite by Robert 
(1976). However the main hydrothermal alteration 
zones are characterized by a widespread development 
of fine-grained, weakly pleochroic white micas which 
constitute, with quartz, the main assemblage of the 
quartz-sericite (i.e. phyllic) zones. These white micas 
are phengitic in nature as are those initially reported by 
Theodore and Blacke (1975) in a porphyry-Cu deposit 
in Nevada, U.S.A. At Cerro Verde/Santa Rosa the 
phengites are all 2M, polytype (Yoder and Eugster, 
1955) best accounted for by a substantial amount of Mg 
which increases the 2M, over 1M ratio in the structures 
of the 1M + 2M, mixed-layers (Chauvet, 1975). One 
must bear in mind that phengites are members of the 
solid solution series muscovite-celadonite and may be 
described as quinary solutions between the musco- 
vite and the MgAl, MegFe?*, Fe?*Al and 
Fe2* Fe3+ —celadonite (Velde, 1967). The Si!” @ Al'Y 
substitution allows one to establish the degree of 
phengitic substitution regardless of the nature of the 
celadonite component. The average is near to 13% 
(phengites with a Sit* content of 6.26 per unit formula 
calculated on the basis of 22 oxygens) with a standard 
deviation of 6.49%. The variations of phengitic sub- 
stitution lead to the study of its spatial distribution 
which is illustrated in the AA’ and BB’ cross-sections of 
the deposit (Figure 23.6). Curves corresponding to 
10% and 20% phengitic substitution are plotted. At 
Santa Rosa, it is clear that phengites with > 20% 
substitution are asymmetrically distributed in relation 
to the porphyry while those where substitution is 
between 10% and 20% surround it completely. 
Moreover there is a good correlation between the 
mineralized zone with grades 0.50 Cu and the zone of 
phengites with phengitic substitution > 10%. The same 
situation occurs at Cerro Verde where the curve of 
equal 20% substitution is clearly to the east of the main 
porphyry and completely contains the curve of equal 
Cu grade corresponding to 1%, while the limit of 10% 
phengitic substitution corresponds to the 0.40% Cu 
curve. In the structure of a Mg,Al, celadonite, 
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Figure 23.4 Hypogene alteration zones on the AA' cross section 
of Santa Rosa. 1, Propylitic; 2, Biotitic; 3 = Phyllic (phengitic). The 
letters indicate the subzones: C, with calcite; S, with siderite and T, 


with tourmaline. The limit —a—a— is the top of the hypogene 
anhydrite. 
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Figure 23.5 Chemical evolution diagrams for the magmatic and 
hydrothermal biotites of the Cerro Verde—Santa Rosa deposit. O, 
magmatic; I, deuteric; II and III, hydrothermal biotites. 
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Figure 23.6 Distributions of the phengitic substitution in phengites 
of the phyllic zones of the Cerro Verde (BB')—Santa Rosa (AA!) 
porphyry-Cu deposit. Isogrades Cu (0.5% and 1% Cu) are 
represented. 

the possible substitutions are AB*@Fe* and 
Mg?* 2Fe?* and it is convenient to test probable 
substitutions using cationic contents in IV and VI sites 
(Saliot, 1978). Results suggest that most of the iron is in 
the bivalent state which has been confirmed by a 
preliminary Mossbauer-spectrometry study. Finally, a 
paragonitic substitution of moderate importance was 
observed, rarely exceeding 5.5%. 
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The newly formed phengite-bearing silicate para- 
genesis is developed under the action of a fluid very 
likely in the state of vapour-liquid unmixing (boiling) at 
a temperature of 400°C (see below). Studies of the 
distribution of cations between muscovite and hy- 
drothermal solutions (Volfinger, 1976) lead to an 
estimation of 0.3 for the K/Na ratio of the hydrothermal 
fluid. This ratio is higher than that obtained by 
Lagache and Weisbrod (1977) for a fluid in equilibrium 
with two alkali-feldspars at 400°C (0.10) and that it 
seems characteristic of a fluid capable of producing 
metasomatic reactions on such an assemblage. If one 
refers to the P- 7 stability diagram for Mg, Al, -phengites 
(Velde, 1967), one may observe that the projection of 
the average degree of phengitic substitution indicates, 
given a temperature of 400°C, water pressures which 
are lower than | kb. 

Isotopic characteristics of the hydrothermal fluids 
can be deduced from the stable isotope determin- 
ations on the newly formed paragenesis. The SD 
values have been measured on the phengites and are 
in the range —67%.<8D< —47%o(v. SMOW). 
Considering an H,O-muscovite fractionation of 
c. + 30% at 400°C (Suzuoki and Epstein, 1976), a 
3Dy,0 in the range — 37 to— 17 %o v. SMOW can be 
calculated. The other characteristics can be deduced 
from the isotopic studies of carbonates (calcite and 
siderite) which are accessory minerals of the main 
hydrothermal alteration zones. The complete isotopic 
analyses of carbonates giving 3'9C (v. PDB) and 8'8O (uz. 
SMOW) values were conducted using analytical tech- 
niques described by Halfon and Marcé (1975). The 
spatial distribution of these values in the Santa Rosa 
part of the deposit is illustrated in Figure 23.7. 3'°C 
values differ only slightly from an average value 
of — 10% which indicates intermediate values of fO, 
and slightly acid to acid pH conditions (Ohmoto, 
1972). In these conditions H,CO, and CO, are the 
main carbon-bearing species and as 38!° Cy,cQ, (app. 
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Figure 23.7 3'°C and 3'O contours for disseminated calcite in the 
Santa Rosa deposit (8'3C and 3'8O expressed v. PDB and SMOW 
respectively). 


=5%Coo, ip it is possible to define 8'°C,, from the 
knowledge of fractionation temperatures. At 400°C, 
ACO,-calcite is about + 3%o (Bottinga, 1969) and puts 
3'3C,, at — 7%o. This value is within the limits con- 
sidered typical of a deep magmatic origin ( — 6 + 2%o, 
Suwa et al., 1969; Pineau et al., 1973) but could also be 
produced in the course of decarbonation processes 
(Hoefs, 1979). 

For oxygen, variations in isotopic composition are 
notable (from + 15%o to 30%o ) with lighter com- 
positions mainly confined to deep levels. The A calcite- 
H,O within the field of temperatures for hydrothermal 
systems (+ 5%o at 300°C, + 2%oat 500°C; O’Neil et al., 
1969) cannot explain considerable enrichment in '*O. 
The position of the data on Figure 23.7 suggests an 
explanation based on low-temperature exchange. 
Calcites corresponding to the deeper levels of the deposit 
have escaped leaching by cool superficial waters which 
have elsewhere removed the anhydrite. Pineau et al. 
(1973) conducted experiments on exchange between 
calcite and CaCO, -saturated water at 20°C and revealed 
a rapid increase in 5'8O of the calcites for practically no 
variation of the 8!°C. Therefore meteoric waters 
with — 10%. <8'®O <0%o may produce low tempera- 
ture exchanged calcites with values as high as + 30 %o . 
The lowest value ( + 12.5%o ) would characterize cal- 
cites in which exchange has not occurred. They have 
been formed at 400°C from water having isotopic 
composition 8'8Oy,9 of ¢c.+9%o. These combined 
values (3Dy,9 and 8'*Oy,) define a field of composition 
located immediately above the primary magmatic box 
but far from the meteoric water line (Grant e al., 1980). 
Therefore the main component of the hydrothermal 
fluid appears to be of magmatic origin. 


Fluid inclusion studies 


Direct access to some characteristics of a hydrother- 
mal fluid can be attempted through study of the fluid 
inclusions. This has been done on numerous 
porphyry-Cu deposits of South America (Sillitoe 
and Sawkins, 1971; Kihien, 1979, etc.) and the in- 
clusions in the Cerro Verde-Santa Rosa porphyry-Cu 
are similar to those which have been abundantly 
described elsewhere. They have been observed in the 
newly-formed quartz grains of the phyllic zones as well 
as in the large magmatic quartz crystals of the grano- 
dioritic country rocks and of the intrusive porphyries. 
The latter are capable of retaining the hydrothermal 
fluids active during fracturing, alteration and minerali- 
zation without necessarily losing the early fluids they 
may have captured (Cunningham, 1976). For the 
denomination of the various inclusions, we employ the 
nomenclature according to Nash (1976): type I= 
two-phase inclusions with moderate salinities; type 
II = two phase inclusions with dominant vapour phase; 
type III = inclusions containing daughter minerals, ha- 
lite and sylvite in particular (Plate 23.1), which have 
been identified using EMP and SEM techniques (Le Bel, 
1976; Jeanrot and Le Bel, 1978). In addition to these 
alkaline chlorides (Plate 23.2) having an atomic K/Na 
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ratio of between 0.23 and 0.38, there are numerous 
metallic chlorides, mainly Fe but also commonly Mn and 
Cu. Their habit is either a hexagonal flake or a stubby 
prism. The atomic Fe: Mn: Cu ratios are variable but Fe 
is always predominant (Fe/Z,,,,¢, between 7 and 
20). The common chemical characteristic of these 
metallic chlorides is that (Fe, Mn, Cu), = (Cl), which 
therefore excludes the incorporation of these compounds 
into the category of anhydrated or hydrated chlorides of 
the bi- or trivalent metallic element, as proposed by 
Eadington (1974). The microthermometric study sug- 
gests that the metallic chlorides could be hydroxy- 
chlorides of the form Me(OH) Cl where Me is Fe, Mn or 
Cu. These monoclinic individuals with a hexagonal 
habit are derived from slow hydrolysis of metallic 
chloride solutions up to 400°C (Oswald and Feitknecht, 
1961), phenomena which would very likely occur in a 
porphyry-Cu system (Crerar and Barnes, 1976). 
Microthermometric studies were conducted on the 
fluid inclusions in quartz phenocrysts of the porphyry at 
four levels. The techniques are those described by Poty 
et al. (1976). A cryometric study was conducted on the 
two phase inclusions. The inclusions of type I have 
melting points for ice below the eutectic temperature in 
the NaCl-H,O system, with an average at — 26°C 
which suggests the presence of divalent cations. The 
inclusions of type II contain fluid with melting points 
for ice of between — 20°C and — 0.5° C with averages 
corresponding to three sub-types (— 15°C, — 7° Gand 
— 2.5°C) which indicate equivalent salinities (Potter 
etal., 1978) of 19, 11 and 4wt.% NaCl. While the 
equivalent salinity of the fluid contained in the type I 
inclusions is taken to be 25 wt. °% NaCl, the averages of 
the equivalent salinities for the various types of two 
phase inclusions cover a large spread from 25 to 4 wt. % 
NaCl. For the heating experiments we use Ty to 
designate the temperature at which homogenization of 
the two fluid phases into a single (liquid or vapour) 
occurs, and Tg for the temperature at which the last salt 
dissolves. Inclusions of type I and some of type II 
homogenize in the liquid phase, but most of the 
inclusions of the latter type behave in either manner. 
The 7, values are between 350°C and 450°C with 
peaks around 400°C. For type III inclusions, the 
behaviour on heating is more complex. The most 
common inclusions have Ty; values between 200° C and 
350° C and Tg values in the 300—500° C interval, the 
respective averages being 280°C and 390°C. Some 
others represent a particular generation of fluid 7s 
(200° C) is lower than Ty, (340°C) and indicates the 
true salinity of the fluid since halite appears as a 
saturated phase under pressure which is the vapour 
pressure of the system (Keevil, 1962). It gives a value of 
about 30wt.% NaCl, while salinities of the most 
common type III inclusions are approximately 
> 45 wt.% NaCl since AT = (7, — Ty) is rather high. 
The various direct or indirect analytical techniques 
indicate that the bulk chemistry is more complex than 
that of the NaCI-KCI-H,O system, as both Ca and Fe 
have been repeatedly detected. A remarkable fact is the 
convergence of homogenization temperatures in nearly 
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Plate 23.1 Fluid inclusions from the Cerro Verde/Santa Rosa 
porphyry-Cu deposit. (1) Thick section of the Santa Rosa porphyry. 
Quartz phenocrysts are white. (2) Enlargement of an euhedral quartz 
phenocrystal where the numerous fluid inclusions are visible (black 
points). (3) and (4) Two-phase inclusions into newly formed quartz 
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and the magmatic quartz, respectively. (5) to (13) Type III (multi- 
phase) inclusions. (14) and (15) Type I inclusions. (16) to (18) Type 
II inclusions. (19) and (20) Type II inclusions. (19) is taken at 
laboratory temperature (20) is taken at 400°C. The homogenization 
into vapour phase occurred at this temperature. Scale bar, 10 um. 
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Plate 23.2 Daughter minerals from multi-phase inclusions of the chloride. (4) Fe-Mn chlorides. (5) Double salt: NaCl-KCl. (6) Cu- 
Cerro Verde/Santa Rosa porphyry-Cu deposit. (1) and (2) bearing chloride (with Na, K and S). (7) Cu-Fe chloride. (8) 
Coexisting halife and sylvite. (3) Halite and sylvite with a iron Anhydrite. Scale bar, 10 ym. 
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all types of inclusions at 400° C, whether in the liquid or 
the vapour phase. This characteristic which is now 
recognized in most porphyry-Cu deposits, together with 
the fact that the various types of inclusions coexist 
without any formal proof of different sources for the 
different fluids, may provide evidence for the trapping 
of a fluid in a state of liquid-vapour unmixing (boiling) 
at 400° C. The slight shift in homogenization tempera- 
ture, which suggests a poor separation of the phases 
during the boiling, coupled with the dispersion of 
salinity values within inclusions of the same type, 
supports the boiling hypothesis. Since at Cerro 
Verde/Santa Rosa there is no indication of boiling at 
310-3402 G, it is possible that the fluid which homoge- 
nized at that temperature by halite disappearance is the 
earliest one (30 wt. % NaCl) to be trapped, the isochor 
of which could be drawn (Potter and Brown, 1977). It 
indicates a pressure of 1 kb obtained for a temperature 
of about 400°C, while 2.3 kb corresponds to 600°C. At 
this temperature the K/Na ratios in the fluid phase 
should be 0.25 and 0.40 in order to be in equilibrium 
with two alkali-feldspars (Lagache and Weisbrod, 
1977) or a granodiorite (Ryabchikov, 1975). This fluid 
phase, which is separated from a silicate melt now 
represented by the groundmass of the porphyries, 
evolved in the supercritical field of aqueous systems 
under lithostatic to sub-lithostatic pressures. During 
fracturing of the intrusive-wall rock complex, hydro- 
static control of the pressure leads to a liquid-vapour 
unmixing at about 400° C and 300 bars (Sourirajan and 
Kennedy, 1962). This generates a hypersaline fluid and 
a vapour phase. The presence of metallic chlorides in 
the hypersaline phase may attest to the presence of 
metals in the early fluid. The choice of the quartz 
phenocrysts for the study of fluid inclusions, in an effort 
to see through early phenomena, only allows the 
characterization of fluids at the early and paroxysmal 
stages. It cannot reveal the post-paroxysmal history in 
this type of material, but one may deduce from the 
study of the crystal chemistry of newly formed silicates 
and of stable isotopes that it bears no relation to the 
hypogene mineralization. 


Figure 23.8 Map of the accessory mineralization of the Santa Rosa 
deposit. Mo, molybdenite; Pb, Zn, galena and sphalerite; C.G, 
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Mineralization and sulphur isotopes 


Kihien (1975) has described the main metallic ores of 
the Cerro Verde part of the deposit. Vast zones of 
leaching, oxidation and secondary enrichment have 
affected the protore in this area through supergene 
alteration, including silicification, alunitization and 
argillization. In view of this, particular attention was 
given to the mineralization in the Santa Rosa part of the 
deposit. The sulphide paragenesis is mainly dissemi- 
nated in the newly formed silicate assemblages which 
replace the magmatic parageneses in both the 
Yarabamba granodiorite and the porphyries. The main 
minerals are pyrite and chalcopyrite with the following 
accessory minerals: galena, sphalerite, molybdenite 
and tennantite. Mackinawite, cubanite, pyrrhotite and 
bornite are present sporadically, where the first two 
occur as exsolutions in chalcopyrite, the third as 
inclusions in pyrite and the last as relicts in chalco- 
pyrite. Enargite and luzonite are unusual. The dissemi- 
nated paragenesis is again to be found in the quartz 
with minor carbonate and sulphate veins and veinlets. 
Figures 23.4 and 23.8 illustrate the characteristic of the 
spatial distribution of the mineralization. The pro- 
pylitic alteration zones are _ chalcopyrite-poor 
(below the 0.20Cu curve), and __ pyrite-rich 
(pyrite/chalcopyrite > 3) and lacking in all other forms 
of sulphide mineralization. Pyrite replaces magnetite or 
ilmenite-magnetite pairs of the initial paragenesis. 
Economic grade has been established at 0.43 Cu which 
corresponds to the biotitic and phyllic alteration zones. 
This mineralization is developed within the intrusive as 
well in the wall rocks and is characterized by 
pyrite/chalcopyrite ratios from 0.5 to 3. Pyrite and 
chalcopyrite, closely associated with the phengites, 
show a strong tendency towards idiomorphic develop- 
ment. Accessory minerals exhibit very specific spatial 
distribution. Sphalerite and galena, associated with 
chalcopyrite, are almost exclusively concentrated 
within the porphyry while molybdenite and tennantite 
are widely developed in the wall rock and only very 
occasionally occur in the porphyry. The mineralization 
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tennatite. The main mineralization (Cu) is indicated by mean of 
isogrades (0.20 to 0.50% Cu). 


has been developed in the field of stability of the pyrite- 
chalcopyrite included between the limits of stability of 
the pyrite-chalcopyrite-bornite assemblage and pyrite- 
pyrrhotite assemblage. Work by Czamanske (1974) 
leads to possible interpretations of FeS solubilities in 
ZnS in fields of intermediate fg. At Santa Rosa, 
measurements of the molecular % of FeS in sphalerite of 
the sulphide disseminated zones average 5.15% and 
indicate, at 400°C, a value of fg, at 10~° bar. It is 
identical to that derived from the luzonite-tennantite 
buffer at 400°C (Uraba, 1974). Itis moreover of interest 
to plot this value on a fg,—/fo, diagram of 
Raymahashay and Holland (1968), with curves of 
equal-concentration of dissolved XS, the positions of 
which are virtually unrelated to variations in pH for 
small values of fo,. In the vicinity of 400°C, this 
operation defines an fo, field of between 10~*° and 
10-28 bar corresponding to XS values of between 107! 
and 10-? mole/kg. 

The liquid-vapour unmixing episode (boiling) to 
which alteration and mineralization are related, is 
particularly well defined from the point of view of 
temperature. The same temperatures should be found 
through the measurement of isotopic fractionation of 
sulphur between pairs of coexisting minerals with the 
assumption that the reaction kinetics were such that 
isotopic equilibrium was always attained. Measure- 
ments were conducted on minerals which have been 
hand-picked and X-ray probed, as often as possible on 
pairs of coexisting minerals (sulphide-sulphide; 
sulphate-sulphide). The sulphates are transformed into 
CdS following the Thode et al. (1961) techniques. The 
CdS as well as the natural sulphides are burned, and the 
purified SO, is analysed using a double collector mass 
spectrometer. From 70 measurements (Figure 23.9) one 
can see that the average values (v. CDT) 6.1%0 for pyrite 
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Figure 23.9 Diagram showing the isotopic compositions (3*D v. 
CDT) of pyrite and anhydrite from the Cerro Verde—Santa Rosa 
porphyry-Cu deposit, plotted v. the fractionations between the 
coexisting species (see text for details). SR=Santa Rosa, 
CV = Cerro Verde. 
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(28 measurements, extreme values 5.1%o and 6.9%o) ; 
5.0%o for chalcopyrite (10 measurements, extreme values 
4.2 and 5.9%); 5.5 %o for sphalerite (four measure- 
ments) and 3 %o for galena(two measurements), are in 
harmony with the theoretical coefficients of fractio- 
nation Py > ZnS > Cy > PbS experimentally verified by 
Kajiwara and Krouse (1971). The average enrichment of 
molybdenite, 5.8%o, is close to that of pyrite, which 
confirms that there is no fractionation between these two 
species at temperatures typical of a porphyry-Cu system 
(Suvora, 1974). The hypogene sulphates show average 
enrichments of 19.5%o for anhydrite (9 measurements; 
extreme values 17.9 and 21.2%) and 18.1 %o for gypsum 
(6 measurements, extreme values 16.2 and 19.3%o). 
The supergene sulphates (brochantite) show an 
enrichment similar to that of the hypogene sulphides, 
which agrees with the data of Field (1966). A study of 
the spatial distribution of the isotopic composition of 
sulphur in the pyrites and chalcopyrites of the various 
alteration parageneses and in a similar paragenesis at 
different levels of both parts of the deposit, does not 
reveal a degree of variation which would lead to a 
pattern of distribution. In this respect, there is no 
variation of the isotopic composition of the sulphides 
across the roof of the sulphates (Figure 23.10), which is 
suggestive again of low-temperature leaching of the 
sulphates decreasing solubility of anhydrite with tem- 
perature (Blount and Dickson, 1969) by meteoric 
waters in fractured zones where this mineral species is 
lacking. The pyrite-chalcopyrite pairs (8 measure- 
ments) show APy-Cy varying from 0.7 %o to 1.3 %o, 
which correspond to temperatures between 545° C and 
325°C. (Kajiwara and Krouse, 1971). The average of 
these temperatures (397° C) corresponds to the tempera- 
ture deduced from the average fractionation between Py 
and Cy in the deposit, 1.1%o or 370°C, as well as to the 
temperature derived from the average of fractionations 
between these coexisting species, slightly above 1%o 
or 390°C. Two other sulphide-sulphide pairs give 
temperatures of 405°C (pyrite-galena) and 415°C 
(molybdenite-pyrite). A°%*S values between coexist- 
ing anhydrite and pyrite vary from 12% to 15%o . These 
fractionations agree with Sakai’s theoretical (Sakai, 
1968) and measured (Sakai and Dickson, 1978) fractio- 
nations. They define a temperature interval of 385° C to 
450° + 15°C (Figure 23.9), which is in excellent agree- 
ment with all the other temperature estimates. The 
spatial distribution of temperatures derived from the 
isotopic geochemistry of sulphur in the Santa Rosa part 
of the deposit (Figure 23.10) does not show any de- 
finitive evolution but does illustrate the coherence of the 
results obtained by measurements of the fractionations 
between the sulphide-sulphide pairs and sulphate- 
sulphide pairs and from fluid inclusion studies. Isotopic 
compositions of sulphides, being remarkably constant 
in the area of the deposit, suggest that the values of fo, 
were intermediate while the pH stayed slightly acid. It 
is in agreement with the stability of phengites in 
presence of quartz requiring pH values in the 3.5 to 5.5 
interval (Montaya and Hemley, 1975) and the well 
buffered values of fo, (10° *° to 107° bar) and fg, (10° ® 
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Figure 23.10 Distribution of the mineralization temperatures on a 
cross-section of Santa Rosa. Key: ( ) from two-phase inclusions. 


bar) determined above. The predominance of the H,S 
species over SO? is also visible on Figure 23.9. The 
isotopic compositions of the pyrite do not vary and those 
of anhydrite conform to a fractionation solely de- 
pendant on temperature. A linear correlation through 
points representing the isotopic compositions of pyrite 
and anhydrite versus the measured fractionations be- 
tween the two coexistent species, indicates an identical 
value for initial sulphur source of ¢. 6%o. Field and 
Gustafson (1976) obtained a similar value for A*S yg at 
El Salvador, Chile. This original sulphur, enriched in 
**S, differs from that which is generally found in 
association with deep-seated magmatic deposits of the 
Cordilleras (Jensen, 1971), where compositions are 
close to 0%o, a value commonly taken to represent that 
of magmatic sulphur (Rye and Ohmoto, 1974). 
However it is not rare to find compositions of sulphur 
enriched in *S in mantle xenoliths (Grinenko and 
Ukhamov, 1977), in basic complexes (Sasaki, 1969; 
Schwarez, 1973), and in granitoids (Coleman, 1977; 
Sasaki and Ishihara, 1979) very likely derived from 
upper mantle. Therefore such enriched values would be 
compatible with an ultimate sub-crustal source. 


Conclusions 


The Cerro Verde/Santa Rosa porphyry-Cu deposit is 
related to the emplacement of late subvolcanic in- 
trusives (60Ma) in an evolving plutonic complex 
initiated 100 Ma ago, the nature of which is clearly calc- 
alkaline having continental margin affinity. Fractional 
crystallization involving plagioclase and amphibole 
controls the evolution of the porphyries which were 
originally derived by partial melting of a sub-cratonic 
source, believed to be the subcontinental mantle wedge 
above the subducted slab. On the basis of strontium and 
lead isotope studies, only minor crustal contamination 
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is manifest. These porphyries evolved under moderately 
high fy,0 and, migrating upwards along tensional 
faults, produced a separate magmatic volatile phase 
when they became water-saturated. The alkali and the 
metals (Cu, Fe and Mn) partitioned into this aqueous 
phase as chloride complexes, as indicated by the 
presence in quartz phenocrysts of an early fluid contain- 
ing metallic chlorides. A drop in pressure from approxi- 
matively 1500 to 300-500 bars induced an extensive 
boiling leading to ore deposition by increase in /j,5. 
This occurred at 400°C as recorded by the fluids 
themselves in inclusions or by the 3S fractionations 
between coexisting sulphides and sulphide-sulphate 
pairs. Due to acidity increase by anhydrite precipi- 
tation, the water-wall rock reactions took place in the 
stability field of white micas and developed mainly 
phyllic alteration zones, the principal mineral of which, 
in addition to quartz, is a phengite with 10 to 20% 
phengitic substitution. At this stage primary magmatic 
fluids became contaminated by external waters, since 
their isotopic compositions fall in a field located above 
the primary magmatic box. 

The description of this possible metallogenic scenario 
revealed by the study of the Cerro Verde/Santa Rosa 
porphyry-Cu deposit emphasizes the importance of 
orthomagmatic processes. While several points such as 
the meaning of the absolute 83S and 3!°C values remain 
obscure, we cannot deny that links between the 
porphyry-Cu system and the subduction process are 
obvious. It is of interest for the future to understand why 
subduction did not generate porphyry-Cu deposits in 
the other segments of the Peruvian Coastal Batholith, 
particularly in the seemingly favourable sites of the 
complexes of nested plutons, ring-dykes and breccia 
pipes within the Lima segment. The lack of Precam- 
brian basement is not a sufficient explanation (compare 
Vidal, this volume). 
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Cu-Fe- Amphibole mineralization is characteristic of the coastal region of the A requipa segment of the Coastal Batholith, and 
is formed dominantly by a process of replacement but locally by vein infilling under hydrothermal conditions. 


In the area bounded by Lima in the north and 
Arequipa in the south and to the west of the main 
Andean mountain. chain several magnetite- 
chalcopyrite-amphibole deposits occur (Figure 24.1). 
These deposits are, in the main, spatially related to the 
Arequipa segment of the Coastal Batholith although 
they are not all hosted by the plutonic rocks of the 
batholith. Many of these deposits have been worked for 
either iron or copper together with the extraction of 
trace elements such as silver and gold. 

Although several of these deposits have been des- 
cribed elsewhere we feel that many of the conclusions 
relating to their mode of origin are open to rein- 
terpretation, particularly if the deposits are considered 
as a group, having a common or at least similar origin, 
rather than as individual deposits. 

The purpose of this chapter is to report the findings of 
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Figure 24.1 Generalized regional geological map and location of 
Fe-Cu-amphibole deposits treated in this article. Circles are cities and 
squares are ore deposits. 


a re-examination of these deposits and to consider their 
origin in relation to field evidence, mineralogy, mineral 
textures and mineral chemistry. 

Magnetite-amphibole deposits with or without chal- 
copyrite are considered to be a characteristic feature of 
the Andean Cordillera (Park, 1972) and have been 
used as an indicator of ‘Andean-type’ orogenic belts in 
older terrains (e.g. Badham and Morton, 1976). 

The main deposits of this type in Peru are, from north 
to south, Ratl-Condestable, Eliana, Monterrosas, 
Acari and Marcona. Previous descriptions of this group 
of deposits (Vidal, 1980) have not included the 
Marconairon ore deposit ; however, we feel that there is 
no reason to exclude it from consideration even though 
it outcrops 60km west of the Coastal Batholith. 


Geological setting 


The detailed geological setting of these deposits is 
discussed in Section I of this book (see also Cobbing, 
1978) and only a brief resumé will be presented here. 

The geology of this area can be subdivided into a 
Precambrian—L. Palaeozoic basement, the Mesozoic 
cover sequence and the Cretaceous-Tertiary plutonics 
of the Arequipa segment of the Coastal Batholith. 

The Precambrian—L. Palaeozoic basement rocks 
consist of gneisses, schists, amphibolites and potassic 
granites of the Arequipa massif which have yielded 
dates for their sedimentation of 2000 Ma with a 
granulite facies metamorphism at 1900 Ma and a later 
metamorphic event at 600 Ma (Shackleton et al., 1979). 
Overlying the Arequipa massif are Lower Palaeozoic 
sediments of the San Juan, Chiqueri and Marcona 
formations (Caldas, 1978) which have been dated by 
Shackleton et al. (1979) at 430-390 Ma. These were 
then intruded by the San Nicolas Batholith at 390 Ma 
(Shackleton ed al., 1979). 

These basement rocks are overlain by the Jurassic- 
Cretaceous volcanics and sediments of the Gafiete basin 
(Cobbing, 1978). The Cafiete basin consists of a thick 
sequence of Neocomian to Aptian clastic sediments over 
lain by the volcanics and volcanoclastics of Albian age 
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(Casma Group). Atherton et al. (1983) have clearly 
demonstrated that the West Peruvian trough, of which 
the Cajfiete basin is a part, developed as an extensional 
margin basin. The bulk of the plutonics of the coastal 
batholith were intruded into the basement/cover rocks 
as a series of episodic intrusions from 100 to 60 Ma (see 
Section IV, this volume). 


The geology of the deposits 


The characteristic features of these deposits are their 
mineralogy and the extensive alteration which is as- 
sociated with them. This alteration generally takes the 
form of amphibolitization and magnetitization which 
often clearly follows a local metamorphic event which 
locally reached the amphibolite facies. 

The main geological features of the five deposits 
described in this paper are outlined below. This is then 
followed by a brief outline of their mineral chemistry. 


Ratl-Condestable 


The Raul-Condestable deposit is located 90 km south 
of Lima near the town of Mala (Figure 24.1). This 
deposit is the most northerly of its type in Peru, being 
located only 20km from the northern edge of the 
Cafiete basin (Cobbing, 1978). 

This deposit is worked as two separate deposits, Raul 
Mine and Condestable Mine, but is geologically a single 
deposit. It has previously been described as a strat- 
bound volcano-exhalative and exhalative-sedi- 
mentary deposit (Ripley and Ohmoto, 1977, 1979; 
Wauschkuhn, 1979; Wauschkuhn and Thum, 1982; 
Cardozo and Wauschkuhn, in press). 

The area is dominated by volcanic and sedimentary 
rocks of Cretaceous age which have been intruded by a 
series of igneous rocks some of which may be related to 
the Coastal Batholith. 

The oldest stratigraphic unit recognized in this area is 
the Asia Formation which consists of 500 m of shales, 
fine sandstones, limestones and volcanics of Berriasian 
age. ‘This unit is overlain by the Morro Solar Group 
which consists of 1200m of quartzite with thin in- 
tercalated shales and is of Valanginian age. The Morro 
Solar Group passes upwards into the Chilca Formation 
of Aptian-Albian age. This unit is comprised of 
1000-2000 m of tuffs, agglomerates and lavas of ande- 
sitic composition interbedded with limestones, shales 
and sandstones. 

The Raul-Condestable deposit is developed entirely 
within the Chilca Formation which has been further 
subdivided into four stratigraphic units based mainly 
on the ratio of sediments to volcanics (Injoque et al., 
1976, 1982). Two distinct periods of dyke and sill 
emplacement are also apparent in the area of this 
deposit. The earlier period which is represented by sills 
and dykes of andesitic composition is clearly more 
extensively developed in the immediate vicinity of the 
deposit and seems to coincide with a greater develop- 
ment of volcaniclastics in the sedimentary pile (Figure 
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24.2). A later period of intrusion is comprised of series of 
sodic diabase dykes which clearly postdate the 
mineralization. 

In addition to the dyke and sill emplacement men- 
tioned above the Patap Gabbros and the Linga 
Monzodiorite of the Coastal Batholith crop out only 
10km to the east of the deposit. A post-mineralization 
tonalite also occurs in the vicinity of the Raul mine 
(Figure 24.2). It is uncertain whether this tonalite, 
which is older than the sodic diabases, is related to the 
Coastal Batholith. 

The area around the Raul-Condestable deposit has 
clearly been subjected to fairly extensive metamor- 
phism resulting in widespread epidotization and am- 
phibolitization of the volcanics and some of the sedi- 
mentary rocks. This metamorphism has been attributed 
to a low-grade regional metamorphism of Barrovian 
type (Wauschkuhn and Thum, 1982) or to a thermal 
event related to the emplacement of the Coastal 
Batholith (Ripley and Ohmoto, 1979). If, however, the 
petrology of the volcanics is considered it is evident 
that the higher-grade assemblages (amphibolite facies) 
are present at the lower levels of the mine where 
pyroxene, amphibole and scapolite are common to- 
gether with some garnet in the more calcareous sedimen- 
tary horizons and that in the upper levels of the mine the 
volcanics are extensively amphibolitized, with acti- 
nolite, epidote, phrenite and calcite being common 
metamorphic minerals. It is apparent to the present 
authors that this metamorphism is of burial type and is 
similar in development to that described by Offler et al., 
1980, and Aguirre (Section III, this volume). Un- 
fortunately there has been no systematic work 
carried out regarding the nature of the burial metamor- 
phism in the Cafiete basin but it is apparent that in the 
area of the Raul-Condestable deposit there has been the 
development of burial metamorphism which at least 
locally has reached amphibolite grade. This metamor- 
phism has affected the early andesitic dyke/sill phase 
but has not affected the later diabases or the tonalite 
dyke. 

The mineralization in the Raul-Condestable mine is 
of two distinct types: the main mineralization is repre- 
sented by  stratabound magnetite-amphibole- 
chalcopyrite mineralization and the second by a later 
cross-cutting series of galena-rich veins. The latter 
mineralization is important economically for its Au and 
Ag content only. 

The chalcopyrite-magnetite-amphibole minerali- 
zation is present as flats (mantos), stringers, dissemi- 
nations and veins. The main mineral phases are 
chalcopyrite, pyrite, magnetite and actinolite, together 
with minor and trace amounts of pyrrhotite, apatite, 
bornite etc. (Figure 24.3). In many parts of the deposit 
it is difficult to separate the effects of burial metamor- 
phism from that of the mineralization in so far as the 
extensive development of actinolite at the expense of 
earlier mafic phases is a feature of both the metamor- 
phism and the mineralization. There is, however, much 
evidence to suggest that the mineralization occurred 
after the metamorphism rather than before as has been 
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Figure 24.2 Geological map of the Raul-Condestable deposit, after 
Injoque et al. (1982). 


suggested by previous authors (Ripley and Ohmoto, particularly the oxide phases has resulted in the pre- 
1979). servation of sedimentary structures, e.g. load casts and 

A common feature of the sulphide and oxide minerals fine laminations etc. (Plate 24.la, b), which have 
is that they clearly replace the silicate phases and often previously been described as primary sedimentary 
contain inclusions of these earlier minerals. This re- features (Ripley and Ohmoto, 1979; Cardozo and 
placement of the silicate phases by the sulphides and Wauschkuhn, in press). However, an early period of 
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Plate 24.1 (a) Raul Mine: amphibolite, composed of actinolite 
(grey) and disseminated magnetite (black). Magnetite is replacing 
actinolite preferentially in some sedimentary layers, giving the rock a 
distinctive banded appearance. (6) Raul Mine: biotite rich metasedi- 
ment with pyrite and chalcopyrite (black) and accessory actinolite, 
chlorite, quartz (white), sphene and apatite. The fine banding is an 
original sedimentary feature. (c) Acari Mine: vein of elongate 
clinopyroxene (grey) with interstitial apatite (white) and magnetite 
(black). The clinopyroxenes grew first, from the vein walls. (d) Acari 
Mine: as plate Ic, a complete bilaterally symmetrical pyroxene- 
magnetite vein in contact with the host porphyry. (e) Acari Mine: 
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magnetite (black) veining in the host porphyry. (/) Acari Mine: fine 
‘net veining’ of magnetite (black). (g) Marcona Mine: actinolite- 
chlorite-sericite-magnetite rock with accessory pyrite, chalcopyrite 
and apatite. Residual sedimentary textures including washouts 
(white band) and syn-sedimentary faults are shown. Magnetite 
replaces the silicates and helps to pick out the original stratification 
(Mine 7). (hk) Marcona Mine: magnetite-actinolite rock with ac- 
cessory pyrite showing relic sedimentary banding. A later vein of 
coarse-grained actinolite with pyrite cuts the layering (Mine 7). Scale 
bars, 1.cm. 
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Figure 24.3. Mineral parageneses and relative abundances of mi- 
nerals for the Fe-Cu-amphibole deposits. 


pyrite growth, which is in no way related to the 
mineralization, occurs in some of the volcaniclastics. 

The evidence for the mineralization occurring later 
than the peak of metamorphism is shown by features 
such as the partial replacement of garnet and metamor- 
phic pyroxene by epidote and amphiboles which are 
related to magnetite accumulations. In addition where 
the mineralization is represented by veins they are 
clearly cutting metamorphic assemblages and indeed 
often show a zone of magnetitization or amphiboli- 
zation on either side of the vein. 

It is clear from the above that we consider the Raul- 
Condestable deposit to be a replacement stratabound 
deposit which has formed after a period of burial 
metamorphism which developed particularly well in 
this vicinity. It is possible, however, that there was little 
or no time gap between the cessation of burial metamor- 
phism and the commencement of the mineralization. 


Eliana 


The Eliana deposit is located 50km east of Pisco 
(Figure 24.1) and consists of three isolated mineral 
accumulations, the Bolivar vein, the Majador manto 
and the San Martin manto. Only the San Martin 
manto has been studied in detail although there is 
sufficient information available to show that the three 
deposits are genetically related (Vidal, 1980). 

The area consists of a series of slightly folded volcanic 


rocks of Albian age which have been intruded by the 
plutonic rocks of the Coastal Batholith. The country 
rock consists of andesitic lavas and agglomerates in- 
tercalated with shale and calcareous tuffs. These vol- 
caniclastics have clearly been affected by burial metam- 
orphism reaching greenschist facies and are characte- 
rized by the development of epidote, amphibole and 
calcite at the expense of the primary minerals in the 
volcanic rocks. There is insufficient evidence as yet to 
properly categorize the metamorphism as there is a lack 
of vertical exposure. 

The intrusive rocks consist of diorites and gabbro 
diorites of the Patap Super-unit together with later 
monzodiorites of the Linga Super-unit (Figure 24.4). 
The contacts between the intrusives and the country 
rocks are generally subvertical except in the vicinity of 
the San Martin manto where the gabbro has the 
geometric properties of a sill. This sill-like extension to 
the gabbro complex is, however, almost certainly a fault 
bounded block. 

The mineralization in the Eliana deposit consists of 
veins and flats (mantos) of chalcopyrite-magnetite- 
amphibole with accessory apatite, scapolite, pyrite etc. 
(Figure 24.3). The San Martin manto is the main 
economic accumulation of chalcopyrite and consists ofa 
near horizontal replacement body which cuts both the 
gabbro and the country rocks (Figure 24.4, see also 
Figure 22.2, this volume). The ore textures are very 
variable ranging from banded ores which clearly grade 


Bolivar vein 


Linga monzodiorites 


les] Eliana gabbro-diorite 


Tuffs and calcareous sediments 
Lavas and agglomerates 


Figure 24.4 Geological map of Eliana Mine, after Vidal (1980). 
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Figure 24.5 Geological map of Monterrosas Mine, after Vidal 
(1980). 


into the footwall volcanics to massive ore with delicate 
intergrowths of chalcopyrite, magnetite and am- 
phibole. The textures demonstrate that as in the Raul- 
Condestable deposit the mineralizing process followed 
the burial metamorphism and is clearly replacive both 
in the country rock and in the gabbros. 


Monterrosas 


The Monterrosas deposit is located 20 km east of Ica 
(Figure 24.1) and is hosted entirely within gabbros and 
diorites of the Patap Super-unit. The area around the 
deposit is dominated by intrusives of the Coastal 
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Batholith particularly the Patap gabbro and the Linga 
monzodiorite (Figure 24.5). 

The Monterrosas deposit is the least studied of all the 
deposits described in this paper; however, the work of 
Vidal (1980) and Sidder (1981) has provided sufficient 
information about the field relations to allow this 
deposit to be included in this report. This deposit is a 
‘vein-like’ structure which is clearly fault controlled and 
is characterized by extensive replacement of the host 
gabbro-diorites by amphibole-magnetite and chalco- 
pyrite. The replacement process is extensively de- 
veloped to both sides of the economic portion of the 
‘vein’ where there is a gradation from fresh gabbro- 
diorite through altered diorites characterized by epi- 
dote, amphibole, scapolite, calcite and occasionally 
diopside to the economic portion of the ‘vein’ where 
actinolite, magnetite, pyrite and chalcopyrite occur in a 
zonal sequence to either side of the ‘vein’ (Vidal, 1980). 

As in the Eliana and Raul-Condestable deposit the 
Monterrosas deposit is characterized by extensive re- 
placement of the host rocks. 


Acari 


The Acari deposit is located 60km south east of 
Nazca (Figure 24.1) and is hosted entirely within 
diorites of the Acari pluton. The Acari pluton and its 
associated mineralization has been described by Dunin- 
Borkowski (1970) and Hudson (1974). The minerali- 
zation consists of ‘veins’ of magnetite and pyroxene 
together with minor amounts of apatite, actinolite and 
Cu-Fe sulphides (Figure 24.3) to which they have 
ascribed a magmatic origin. 

The country rocks to the Acari pluton are sediments 
of the Yauca Formation and volcaniclastics of the 
Copara Formation (Casma Group). The Copara 
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Figure 24.6 Geological map of the Acari deposit, after Dunin- 
Borkowski (1970). 
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Formation consists largely of andesitic lavas and tuffs 
interbedded with conglomerates, shales and sandstones. 
The intrusion of the Acari Pluton was preceded by the 
emplacement of the Bella Union volcanic complex 
which is composed largely of intrusion breccias of basalt 
to andesite composition (Dunin-Borkowski in Hudson, 
1974). The Acari Pluton consists of three main units 
(Figure 24.6), a marginal fine-grained diorite, a coarse 
diorite and an andesitic to dacite porphyry. This pluton 
has previously been attributed to the Patap Gabbro 
Super-unit (Vidal, 1980, and this volume) although its 
trace element chemistry suggests that this is not the case 
(Figure 24.7). 

The economic portion of the Fe-Acari deposit consists 
of ‘veins’ which vary from a few metres to over | km in 
length and may be several metres wide. They are 
concentrated in two parts of the pluton, the Pongo zone 
and the Mastuerzo zone (Figure 24.6) and are verti- 
cAlly zoned in that pyroxene is dominant in the lower 
levels and magnetite is dominant in the upper levels. In 
addition to the main ‘veins’ there is widespread low- 
grade mineralization throughout the Acari pluton. This 
lower grade mineralization is mainly represented by 
fine stringers of magnetite which cross-cut the entire 
pluton and by the replacement of the groundmass of the 
plutonics by magnetite and amphibole. 

The main magnetite ‘veins’ which are exposed at the 
surface are clearly fault bounded ; however, in addition 
to the sharp faulted margins to these ‘veins’ there is a 
distinct transition from virtually unaltered diorite to 
highly altered and magnetitized diorites as the ‘veins’ 
were approached. This alteration process was different 
in the two main host rocks; in the diorites the first sign of 
alteration was replacement of the feldspars by mag- 
netite together with the growth of some epidote, 
pyroxene and amphibole at the expense of the mafic 
minerals, whereas in the porphyry the replacement of 
the groundmass by magnetite was the initial product of 
the replacement process. The magnetite ‘veins’ are in 
parts distinctly layered, the layering being occasionally 
enhanced by the growth of apatite between the mag- 
netite layers. In the pyroxene-magnetite ‘veins’ the 
pyroxene has clearly crystallized first, often clearly 
having ‘seeded’ onto the vein wall, and the magnetite 
has infilled the voids between the pyroxene crystals and 
in some cases the pyroxene crystals have been fractured 
and the fractures infilled by magnetite. Many of these 
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Figure 24.7 Rare carth/chondrite plots for the Acari pluton and 
the Patap gabbro Super-unit normalized against Leedey chondrite 
(Masuda et al., 1973). Gabbro data after Atherton ef al., (1979). 


veins are symmetrically banded, often with delicate 
crystals of pyroxene or amphibole growing in successive 
layers normal to the vein walls, thus showing con- 
clusively that the veins were ‘open’ during deposition 
(Plate 24.1c, d). 

In the less mineralized parts of the pluton the 
magnetite is mainly present as fine stringers which are 
often so densely packed that they give the appearance of 
‘net-veining’ (Plate 24.le,/). 

In our opinion the delicate intergrowths between 
magnetite and pyroxene, the fault bounded contacts to 
the main ‘veins’, the transition from relatively un- 
altered diorites to highly magnetitized diorites as the 
margin of the veins is approached and the extensive 
veining of the diorites all demonstrate that the mine- 
ralizing process at Acari was not magmatic (Dunin- 
Borkowski, 1970) but involved hydrothermal fluids. 


Marcona 


The Marcona iron ore deposit is located 80 km SW of 


Nazca (Figure 24.1) and is hosted in both Lower 


Palaeozoic and Mesozoic strata. It consists of eight 
major and 35-40 minor deposits plus several as yet 
unproven magnetic anomalies (Figure 24.8). The pri- 
mary mineralogy of the deposits is magnetite plus 
amphibole, chalcopyrite, apatite etc. (Figure 24.3). 
The ore bodies are stratabound sheets and lenses having 
an east-west trend and dipping 35-65 degrees NW. 

The individual deposits can be subdivided for con- 
venience on the basis of the age of their host rocks: those 
hosted in the Lower Palaeozoic Marcona Formation 
and those hosted in the Jurassic Rio Grande Formation. 
There are no deposits which cut the Lower Palaeozoic- 
Jurassic unconformity. 

The Marcona Formation is a 1500 m thick sequence 
of metasediments consisting of conglomerates, siltstones 
and carbonates. These rocks have been deformed and 
metamorphosed to at least greenschist facies prior to the 
intrusion of the San Nicolas Batholith at 390 Ma 
(Shackleton et al., 1979). 

The Rio Grande formation consists of a thick se- 
quence of conglomerates, andesitic lavas, carbonates, 
shales and sandstones which have been dated on fossil 
evidence as Upper Callovian to Middle Oxfordian in 
age. 

Several episodes of dyke emplacement have been 
described by Atchley (1956), the earlier episode consists 
of porphyritic latites and K-trachytes and the later 
(post-Rio Grande Formation) are shoshonites, absa- 
rokites and syenites. 

All the deposits which are currently being worked are 
hosted in the Marcona Formation where the iron 
content (60% Fe) is significantly higher than in the 
deposits in the Rio Grande formation (50% Fe). Within 
the Marcona Formation the ore deposits are con- 
centrated in two stratigraphic horizons which are 
separated by 500m of barren metasediments whereas 
in the Rio Grande formation, although the ore bodies 
are still clearly stratigraphically controlled, their distri- 
bution is not as restricted as in the Marcona Formation. 
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Figure 24.8 Geological map of the Marcona mining district. 


The economic portion of these deposits consists of 
magnetite intergrown with amphiboles and chalco- 
pyrite. The ore is in parts distinctly layered and in thin 
section it is obvious that this layering is a relic 
sedimentary feature (Plate 24.1 g). This is particularly 
apparent in the Rio Grande formation where relic 
sedimentary textures are common. The margins of the 
deposits, although fault bounded in parts, are generally 
gradational from massive magnetite to highly amphibo- 
litized metasediments. As in the Ratl-Condestable 
deposit the striking feature of these deposits is the high 
degree of alteration in the associated country rocks. 
Like the mineralization this alteration is best developed 
in the Marcona and Rio Grande formations where 
amphibole, clinopyroxene, apatite, scapolite and oligo- 
clase are common products together with chlorite, 
sphene and magnetite. Clinopyroxene is most abundant 
in the lower parts of the sequence. In addition to the 
replacement of the country rock associated with this 
alteration are veins of amphibole, magnetite and oc- 
casionally Cu-Fe sulphides (Plate 24.1 h). 
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Comparison of the deposits 
Mineralogy 


All deposits are characterized by the presence of 
amphibole, magnetite, chalcopyrite and pyrite with the 
exception of Acari where clinopyroxene is dominant 
over amphibole and copper and iron sulphides are 
scarce (Figure 24.3). Clinopyroxene is, however, found 
in all deposits except Eliana. Figure 24.3 also illustrates 
that many of the minor phases, including apatite, 
sphene, pyrrhotite and epidote, are common in all 
deposits. The similarity of the mineralogy of all these 
deposits is striking particularly when trace phases are 
also considered. For instance, scapolite, ilmenite, mo- 
lybdenite, sphalerite and marcasite occur in four out 
of the five deposits, the exception being Acari. The 
mineral assemblage recorded for the Ratil-Condestable 
deposit is the most comprehensive; this may simply 
reflect the greater amount of work that has been 
undertaken on this deposit. 


CU-FE-AMPHIBOLE MINERALIZATION IN THE AREQUIPA SEGMENT 
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Figure 24.9 Compositional variation in clinopyroxenes from four 
of the deposits plotted on the CaSiO,—MgSiO,—FeSiO, triangle. 


Mineral chemistry 


A comparison of the mineral chemistry of the do- 
minant silicate phases involved in the mineralization 
also shows the great similarity between deposits. The 
clinopyroxenes (Figure 24.9) are all diopsidic to salitic 
in composition with less than 20% of the FeSiO, 
molecule. The amphiboles are actinolite to actinolitic 
hornblende except in Raul and Eliana where the 
compositional range extends to more aluminous and 
iron-rich amphiboles (ferro-hornblende, tschermakitic 
and hastingsitic varieties at Raul, and edenite and 
hastingsite at Eliana). Representative analyses of these 
deposits are given in Table 24.1. 

In Ratil Mine the hastingsitic amphiboles occur in 
the lower and middle parts of the mine and are absent 


Table 24.1 Representative analyses of amphiboles from the Fe- 
Cu-amphibole deposits. 


i nn EEE EEE 


1 2 3 4 5 6 7 
SiO, 52.76 51.91 3.43 40.90 54.19 53.82 52.34 
ALO, 2.53 4.84 239 9.20 2.40 2.24 5.04 


TiO, 0.18 0.25 0.31 0.40 0.00 0.00 0.00 
FeO 16.60 12.04 11.90 23.44 12.72 10.38 9.12 
MgO 13.28 15.52 16.44 6.41 15.32 16.24 17.62 
CaO 12.62 12.69 12.37 11.51 12.47 13.58 12.86 
Na,O 0.41 0.77 0.52 0.46 0.45 n.d. 0.73 
K,O 0.00 0.22 0.10 1.96 0.09 n.d. 0.21 
MnO 0.00 0.00 0.14 0.00 0.19 0.15 0.00 
Cl 0.07 0.15 0.12 2:9) n.d. Oly 0.00 
eS 
n.d. not determined 

. Actinolite, Raul 

. Actinolitic hornblende, Raul 

. Actinolite, Eliana 

Magnesian hastingsite, Eliana 

. Actinolite, Monterrosas 
. Actinolite, Acari 

. Actinolite, Marcona 


eS 


‘ 


NOHO WN 


from the upper levels. Actinolite occurs at all levels but 
is clearly later than the hastingsitic varieties where they 
occur together. In both deposits the more aluminous 
and iron-rich amphiboles are characteristically rich in 
chlorine (Table-24.1, analysis 4). Figure 24.10 shows 
this to be a systematic relationship for the analyses of 72 
amphiboles from the Ratil-Condestable deposit ; 
hastingsite analyses containing 1.5% to 3.5% chlorine. 
Six hastingsite analyses from the Eliana deposit show 
chlorine contents within this same range. 

Scapolite occurs in four of the deposits and again 
shows a relatively restricted range of composition. 
Based on thirty microprobe analyses most scapolites 
vary between Me,, and Me,,, with some more calcic 
compositions, up to Me,,, from the Marcona and Ratl- 
Condestable deposits. Figure 24.11 shows the com- 
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Figure 24.10 Relationship between Fe/Mg and chlorine content 
for amphiboles from Raul Mine. Hastingsitic amphiboles (squares) 
show significant ‘Cl’ contents compared with the other amphiboles 
(dots). 
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Figure 24.11 Composition of scapolites from four of the deposits 


plotted on the Na-Ca-K triangle. 


positional overlap between deposits and the slightly 
more sodic nature of the scapolites from Eliana and 
Monterosas. 

Analysis of the sulphide and oxide minerals, as yet 
incomplete, also supports the great similarity between 
these deposits. 


Summary 


The similarity in mineral paragenesis, paragenetic 
sequence of deposition and mineral chemistry together 
with the associated and extensive country rock alte- 
ration and burial metamorphism argues strongly for a 
common origin for these deposits despite the wide range 
of geological settings in which they occur. The me- 
chanism of emplacement has been dominantly one of 
replacement as shown by relic sedimentary structures in 
the sediments and some volcanic rocks and clear 
replacement textures in the plutonic rocks. In some 
rocks, however, the mineralization is infilling fractures 
in addition to replacement. This is particularly well 
demonstrated at Acari where the porphyries show 
intensive fine ‘net-veining’. In addition at Acari the 
main veins have been formed by the successive de- 
position of pyroxene, magnetite and amphibole etc. 
on to the walls of ‘open’ fractures. The wide range in 
style of the mineralization in the different deposits is 
most likely a response to variations in the porosity and 
permeability of the host rocks thus controlling the 
passage of the hydrothermal mineralizing fluids. Acari, 
which differs from the other deposits in some respects, 
occurs in relatively impermeable but fractured plutonic 
rocks. 

A wide variety of origins has been postulated by other 
workers for individual members of these Cu-Fe- 
amphibole deposits. The Ratl-Condestable deposit has 
been the most extensively studied and the most fa- 
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voured origin is that of a sea-floor volcano-exhalative 
‘Kuroko-type’ (Ripley and Ohmoto, 1979) or a exha- 
lative massive sulphide deposit (Cardozo and 
Wauschkuhn, in press). However, simply from a mine- 
ralogical point of view this analogy with sea-floor 
exhalative deposits is open to question in that they do 
not normally contain amphibole or significant amounts 
of magnetite while barite and sphalerite are common 
phases. Deposits which are more analogous to Kuroko 
deposits are present within the Casma volcanics in the 
Rimac valley east of Lima (Vidal, 1980, and Section 
V, this volume). 

Our work on these deposits has led us to the 
conclusion that they have resulted from the hydrother- 
mal alteration and replacement of a wide range of host 
rock compositions. It is also evident to us that there is a 
clear relationship between burial metamorphism and 
the mineralization. The major problems requiring 
further investigation are the relative ages of these 
deposits and the source of the Fe-Mg rich hydrothermal 
fluids. 

In addition to the deposits discussed here there are 
numerous other Cu-Fe-amphibole occurrences in both 
the coastal region of Chile (Ruiz e¢al., 1965; Park, 
1972) and also on a smaller scale in southern Peru, 
making this unusual paragenesis a characteristic of the 
Andean margin. It is probably not a coincidence that 
these deposits have developed along a subducting plate 
margin and in association with calc-alkaline volcanism 
and plutonism which characteristically become de- 
pleted in iron and magnesium during differentiation. 


Acknowledgements 


B.P. A. and P.K.H. wish to thank NERC for Grant No. 
GR3/4086. J. L. I-E thanks INGEMMET for leave of absence, Dr. 
Jose Mendoza of that organization for his continuing help, and the 
British Council for financial support. 


SECTION VI 
The Cover of Plateau-type Volcanic Rocks 


The volcanic cover: chemical composition and the 
origin of the magmas of the Calipuy Group 


Michael P. Atherton, L. Michael Sanderson and Vanita Warden 
Department of Geology, 
University of Liverpool, 
Liverpool L69 3BX 

United Kingdom 
William J. McCourt 
British Geological Survey 

Keyworth 

Nottingham NG12 5GG 

United Kingdom 


An erosion surface cut into the Coastal Batholith and the country rock envelope is covered by a thick sequence of terrestrial 

volcanic rocks, the lowest members of which are of Eocene age. These rocks belong to the high-alumina basalt-andesite- 

dacite-rhyolite association which is the most voluminous and characteristic association of the Andes. A mantle derivation 

involving partial melting of spinel peridotite 1s indicated by a detailed analysis of the geochemical data. Evolution of these 

melts by olivine + clinopyroxene, then plagioclase + clinopyroxene precipitation gave rise to the Calipuy rocks presently 

exposed. Extrusion at the surface took place along fissures which at depth may have been equivalent to the late dykes seen 
culting the underlying batholith super-units. 


Geological setting 


The Calipuy Group is a widespread, thick succession 
of largely terrestrial volcanic rocks lying to the east of 
the Coastal Batholith of Peru (Figure 25.1). In the area 
north of Lima, which has been studied in some detail, it 
is made up of about 2000 m of basic to acid tuffs, lavas 


v 
Culebras Waa 
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BX Centred Ring Complex Ss 
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3 catipuy volcanic group Lima 
CL] Pre-Tertiary rocks 


Figure 25.1 Outcrop of the Calipuy Volcanic Group north of 
Lima, showing the localities sampled and the relation to the centred 
ring complexes of the batholith (after Pitcher, 1978). Pre-Tertiary 
rocks include the marginal basin rocks of the Casma Group. 


and agglomerates, the upper part of which is more 
acidic and pyroclastic in character (Webb, 1976; Figure 
95.2). Its extension south of Lima is enigmatic as 
detailed mapping and stratigraphic correlations hardly 
exist (Cobbing ed al., 1981). Almost all the detailed 
stratigraphic knowledge relates to work in the Huarmey 
area (Webb, 1976), where the Calipuy is divided into 
upper and lower formations—compare Baldock and 
Wilson for the north of Peru (in Cobbing ed al., 1981). 
Marked lateral variations make simple correlations 
difficult, so that it is not possible to be certain about the 
exact equivalence of the volcanic rocks from the various 
traverses studied here. 

The Calipuy volcanic rocks rest unconformably on 
the Casma rocks in the Rio Huarmey (Cobbing and 
Pitcher, 19725) elsewhere on strata of Campanian age 
( < 70Ma) and, south of Lima, on the older units of the 
Coastal Batholith. K-Ar dating by Wilson (1975) gave 
a maximum age of 53 Ma for a basal lava flow at 
Tapacocha. The upper limit is uncertain, though an 
age of 14.6 Ma (Middle Miocene) has been recorded by 
Farrar and Noble (1976). Clearly the Group includes 
rocks of very different ages and compositions which 
have been combined more from lack of detailed know- 
ledge than specific geological reasons. 

The importance of the Calipuy volcanic sequence lies 
in its association with the Coastal Batholith, parti- 
cularly the relationship with the ring complexes. Its 
relationship to the earlier volcanic rocks of the marginal 
basin is also of importance (Atherton e¢ al., 1983). Some 
authors have considered the Calipuy volcanism to be 
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‘largely a surface manifestation of the later phases of the 
batholith’ (Cobbing et a/., 1981). For other workers, the 
close association of plutonism and volcanism of the type 
seen in Peru has led them to conclude that the ring 
complexes or plutons have a continuity with surface 
volcanism and may even ‘crystallize under a cover of 
their own volcanic ejecta’ (Hamilton and Myers, 1967). 
Here the compositional variation of the Calipuy rocks 
will be established and compared to the ‘ensialic’ 
marginal basin rocks of the earlier Casma formation 
(Atherton et al., 1983). The rocks will also be compared 
to the rocks of the Coastal Batholith, in order to 
examine the nature of this plutonic-volcanic interface; 
and their geotectonic setting within the Andean 
margin. 

The rocks described in this paper were collected 
along seven traverses in the Lima segment: Tapacocha, 
Congas, Fortaleza, Canta, Rimac, Lurin, Paccho and 
Andaques (Figure 25.1); the rocks from Tapacocha, 
Paccho and Andaques being the best defined stratig- 
raphically from the work of Webb (1976). A vertical 
section through the Calipuy sequence (Webb, 1976) to 
illustrate the type of sequence is given in Figure 25.22. 
The Calipuy Formation (Cossio, 1964) was elevated to 
a group by Cobbing (1973) and as described by Webb 
may be divided into the Lower Calipuy Formation, 
which is made up essentially of tuffs, agglomerates and 
lavas, and the Upper Calipuy Formation, which is more 
acidic and distinguished by the predominance of sillars. 
However, it was found impossible to correlate between 
the sections of Webb (1976), and later work has tended 
to indicate increased complication rather than simplifi- 
cation, so that in none of the sections studied has it been 
possible to correlate individual members (Table 25.1). 


Table 25.1 Stratigraphy of the Calipuy Formation (data from 
Webb, 1976). 
Note: a member contains 10—20 different rock units as shown in the 
measured section near Tapacocha, Ancash (Figure 25.22, after 
Webb, 1976). 


Tapacocha section 
Upper Calipuy Formation Welded tuff member 
disconformity 
Lower Calipuy Formation 5. Ash flow tuff and flow member 
4. Flow and lapilli tuff member 
3. Ash flow tuff and agglomerate 
member 
2. Thinly bedded flow and lapilli 
tuff member 
1. Basal conglomerate member 


Total 1200m 


Andaques section 

Lower Calipuy Formation Lava flow member 2 

Tuff member 

Lava flow member | 

Lapilli tuff member 

Coarse tuff member 

Basal conglomerate member 


Total 1000m 


Paccho section 
Upper Calipuy Formation 
Lower Calipuy Formation 


Ash flow member 

Upper lapilli tuff member 
Lava flow member 
Lower lapilli tuff member 
Flow and tuff member 
Total 1600m 
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Petrology 


The petrology of the Calipuy rocks will be discussed 
elsewhere in detail, so only a brief outline is given here. 
Generally the rocks are hyaline; holocrystalline lavas 
such as at Paccho are rare and appear to occur 
only when the lavas are very thick. They are 
almost invariably phenocrystic, plagioclase and clino- 
pyroxene being the most common _ phenocrysts 
(plagioclase > clinopyroxene) in the basic rocks 
(Figure 25.2). Phenocrysts of quartz, often corroded, 
are common in the acid rocks, with rare phenocrysts of 
biotite. 

Plagioclase may occur as large glomeroporphyritic 
groups and commonly has a composition An,,—An,, in 
the basic rocks, where it can be markedly zoned. In the 
acid rocks it is more sodic, ranging down to oligoclase or 
less. In many instances the composition of the plagio- 
clase, particularly in the basic rocks, has been altered 
during burial metamorphism (Aguirre et al., 1978). 
Clinopyroxenes also may occur in groups and are 
sometimes rounded in form. They are also sometimes 
present as small inclusions in plagioclase. Rarely horn- 
blende is present as phenocrysts or rimming clinopy- 
roxene, but is never present in large amount; plagio- 
clase and clinopyroxene phenocrysts usually make up 
nearly 50% of the rock. Hypersthene, with clinopy- 
roxene, occurs in some of the basic lavas, while olivine is 
rare except in the Tapacocha section (Webb, 1976; 
518T, 538T). 

The matrix is usually partly glassy (up toa maximum 
of 50%), as well as crystalline. Groundmass plagioclase 
microlites are frequently more sodic than the pheno- 
crysts and are associated with the same minerals seen as 
phenocrysts. The matrix texture may be granular or 
trachytic and show flow banding. Vesicles and amyg- 
dales are common but tend to be absent in parts or all of 
a section, e.g. Tapacocha. 

Although the Calipuy rocks still retain their original 
fabrics and mineralogy to a greater or lesser extent, they 
have often suffered considerable late burial metamor- 
phism. The new minerals either grew within pre- 
existing minerals and lithic fragments or nucleate 
within pore spaces and amygdales in the groundmass. 


Plag Ol Plag Ol 


Figure 25.2 Normative pyroxene-plagioclase-olivine plot of rocks 
from the Calipuy Group, illustrating their plagioclase-rich nature 
and lack of normative olivine. Data from Paccho, Congas (b), 
Fortaleza, Canta and Lurin (a) sections. 
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Common secondary minerals include quartz, chlorite, 
calcite and epidote, other less common phases being 
prehnite, pumpellyite, actinolite, zeolites, white mica 
and mixed clays (Offler et al., 1979). Generally these 
authors indicate low-grade metamorphism from zeolite 
through prehnite, pumpellyite, transitional to green- 
schist facies, increasing with depth, and often re- 
peated. For details see also Aguirre et al. (1978 and this 
volume). 
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Figure 25.3 (a,b) K,Ov. SiO, plot of the Calipuy Group rocks 
showing the variation in rock types in the main areas sampled. (c) 
Normative colour index v. normative plagioclase composition plot of 
the Calipuy Group rocks. Percentage of various rock types given in 
brackets. 


Chemistry 


The analysed lavas (plus some tuffs) of the Calipuy 
Group are made up of basalts, basaltic andesites, 
andesites, dacites ahd rhyolites (14%, 31%, 21%, 22%; 
12%, respectively, Figure 25.3). The Fortaleza section 
shows the most variation (from basalt to rhyolite), the 
Tapacocha section the least (essentially from basalt to 
andesite, Figure 25.3). These variations are also seen on 
a plot of normative colour index v. normative plagio- 
clase composition (Figure 25.3c). Although sampling 
of the lavas in the individual sections is complete insofar 
as exposure and accessibility allowed, it is unlikely the 
fields shown in Figure 25.3 indicate the total variance 
present. Nonetheless the data does suggest considerable 
variation laterally across the Calipuy group, as in- 
dicated in the mapping. It also suggests the Calipuy 
Group lavas are much more basic in character (45% 
being basalt or basaltic andesite) than has been pre- 
viously thought—cf. Cobbing et al. (1981). 

Detailed petrology and geochemistry of the in- 
dividual sections will be discussed elsewhere, but it is 
clear from the data (Figure 25.4) that although Webb 
(1976) indicated an increase in abundance of dacites 
and rhyolites towards the top of the Calipuy Group, the 
chemistry of the lavas and some tuffs shows that basaltic 
compositions are common in the Upper Calipuy 
(Table 25.1) as well as in the lower part of the section. 

On a (K,O+Na,O) v. SiO, diagram the rocks 
generally plot in the high Al,O, field of Kuno (1966) 
although a few, almost entirely from the Congas section, 
plot in the subalkaline field and rather more plot in the 
alkaline field (Figure 25.5). These latter are mainly 
from Paccho, with SiO, < 65%, and the more acid 
Fortaleza rocks, with SiO, > 65°. Similar features are 
seen on the K,O v. SiO, diagram suggesting the 
alkalinity is related mainly to K,O content. On an 
AFM diagram the rocks plot mainly in the calc-alkaline 
field, although some rocks, which are slightly F-rich, lie 
within the tholeiite field (Figure 25.6). Nevertheless 
most rocks lie along a typical calc-alkaline type trend. 
Major element variation is systematic but the data often 
shows considerable scatter at a specific SiO, content 
(Figure 25.7). In crude terms, in the whole data set, 
TiO,, Al,O,, Fe,O, (total), MnO, MgO, CaO and 
P,O,, decrease in a coherent fashion with increasing 
SiO, content, while K,O shows no variation and 
considerable scatter, and Na,O shows a slight positive 
correlation. In a single section such as the Fortaleza 
similar variations are seen but the data shows much less 
scatter. In this latter section Na,O however shows no 
coherent trend, while K,O shows a clear positive 
correlation with SiO, content. 

The trace element variations also show considerable 
scatter, with the whole data set only showing fair 
negative correlations with compatible elements such as 
V, Co, Sc and Ni v. SiO,. LIL elements such as Rb, Ba, 
Pb, Nb and Th show very poor positive correlations or 
none with SiO,. Sr and Zr show poor positive and 
negative correlations respectively. Again if the data 
from an individual section, such as the Fortaleza, is 
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Figure 25.4 SiO, and K,O v. arbitrary height of rocks from the 
Tapacocha and Paccho traverses, with approximate equivalences 
related to the Paccho section (see Table 25.1). Note the essentially 
basic character of the Calipuy; arrow on SiO, axis indicates the limit 
of basaltic andesite. 
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Figure 25.5 Na,O+K,O ». SiO, plot showing the high Al,O, 
character of many of the Calipuy Group rocks, although some have a 
marked alkaline character, and a few are sub-alkaline. 
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Figure 25.6 AFM plot of the Calipuy rocks showing their do- 
minant calc-alkaline character. 


plotted, correlations, particularly for the LIL and HFS 
elements become much better defined, Zr, Th and Y, 
for instance, showing quite well defined positive cor- 
relations (details of these variations will be discussed 
elsewhere). 

These data suggest that the lateral variation in the 
Calipuy Formation is considerable, but local variations 
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Figure 25.7 MgO and Al,O, v. SiO, plot of the Calipuy Group 
rocks; note the wide spread of MgO and Al, O, values for a given SiO, 


value. 


are quite coherent, indicating complex magma evol- 
ution, possibly in individual, relatively small, inter- 
mediate depth magma chambers with long lives, along 
the length of this sector of the Andes. 

Initially it was thought that some of the variation in 
the alkalis, particularly K,O, might be due to the rather 
extensive burial metamorphism (see Offler et al., 1979), 
however there is a clear relation of K,O content to 
geographical position—e.g. low K,O in the Congas 
samples, high K,O in the Paccho samples. These 
distributions bear no relationship to the intensity of 
burial metamorphism, so it would appear that any K 
mobilization is not sufficient to obscure the original 
chemistry. Certainly movement of elements does not 
appear to have affected the immobile element con- 
centrations, for on various plots (Figure 25.8) the 
Calipuy rocks tend to fall in tight groupings in the calc- 
alkali or within-plate fields. On a Hf-Th-Ta diagram 
(Figure 25.9, Wood etal., 1979) the whole of the 
Calipuy Group plots very coherently in the destructive 
plate basalt field, as expected, towards the Th-rich part 
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Figure 25.8 Zr/Y v. Zr; Ti v. Zr and Ti-Z-Y plots of Calipuy 
Group basalts. Note diagrams emphasize the close groupings of the 
basalts and so not necessarily predict the tectonic environment. OFB, 
ocean floor basalts; LKT, low-K tholeites; CAB, calc-alkaline 
basalts; WPB, within-plate basalts. A+B=LKT, B+C= CAB, 
B = OFB, D = WPB. 


of the field, with some Congas rocks trending towards 
the MORB fields with increasing Ta and Hf. The use of 
these diagrams is not meant to imply their validity as 
predictors of environment, rather the coherent group- 
ing of the rocks is the relevant aspect of the data set, so 
that in spite of the burial metamorphism the chemistry 
may be used to determine the genesis and early history 
of these rocks. 

The multi-element plots (Figure 25.10) show a clear 
volcanic arc pattern with moderate to strong en- 
richment of LIL elements and lower HFS elements. 
Specifically notable are the strong Ge and Sm peaks and 
the high values for Th and P in some samples. ‘These 
features are characteristic of K-rich calc-alkali basalts 
from an ensialic environment. 

The high-K basalts are enriched in LIL elements 
compared to the low-K basalts in a fairly regular 
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Figure 25.9 Hf-Th-Ta diagrams of the Calipuy basalts showing 
the variations in rocks from the Paccho, Forteleza, Congas and Lurin 
sections. 
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Ni 


Figure 25.10 Multi-element plot (rock/MORB) for selected basalts 
of the Calipuy Group: high-K and intermediate-K basalts (P5) ; low- 
K basalts (VC). 


manner, and this tendency extends less regularly as far 
as Sm (Figure 25.10), such that rock VC with a KO 
content of 0.69% has the lowest values of K, Rb, Ba, Th, 
Nb, Ce, P, Zr, Hf, Sm, Ti, Y compared to P5 with a 
K,O content of 2.76%. Thereafter there is some 
suggestion of a reversal as the K-poor rocks appear to 
have higher Cr and Ni contents than the K-enriched 
ones. 

These patterns suggest that, in spite of the compre- 
hensive burial metamorphism, the LIL element con- 
tents of the rocks have not been radically altered (but 
see Offler et al., 1979). If this is the case it can be 
assumed that the K,O contents are close to their 
original values, and the K-character of the rocks has 
some genetic significance. 

The chondrite normalized REE patterns are shown 
in Figure 25.11 and the data in Table 25.2. The rocks 
are LREE enriched, with Lay usually varying from 50- 
100 x chondrite; they commonly have flat HREE 
patterns, with values between 10 and 20 x chondrite, 
An exception to this general pattern is a calc-alkali 
basalt from Lurin (VC) with LREE enrichment less 
than 50 x chondrite (Lay/Yby = 30). This rock is also 
unique in having HREE 10 or less, x chondrite, and is 
also the only one with a positive Eu anomaly 
(Eu/Eu* 1.2), correlating with the highest CaO 
content (10.79%) seen in any of the Calipuy basalts 
(Figure 25.12). These data, together with the high 
modal plagioclase in this rock, indicate that plagioclase 
accumulation is the probable cause of the anomaly. 

Although the HREEs are typically near flat 
(Tby/Yby overall average for all 27 rocks is 1. 15) some 
samples show a gentle decrease with atomic number, 
thus in the most extreme case two rocks from Paccho 
have Tby/Yby values of 1.47 and 1.53 (Figure 25.11). 
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Figure 25.11 REE plots of Calipuy rocks from the different sections 
mentioned in the text. (a) Basalts, andesite and a decite from Canta 
and Lurin (near Lima) ; (4) basaltic andesites, andesite and a dacite 
from Fortaleza and Congas; (c) basalts, basaltic and andesites and an 
andesite from Paccho; (d) basaltic andesites and an andesite from 
Tapacocha; (e) rhyolites and a dacite from Fortaleza and Paccho. 
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Table 25.2 

SiO,%  Eu/Eu* Cey/Yby  Tby/Yby 2 
Basalt <,52 0.96 4.0 1.23 8 
Basaltic- 53-57 0.90 4.2 1.18 5 
andesite 
Andesite 58-62 0.86 4.9 1.16 5 
Dacite 63-70 0.70 6.0 1.15 5 
Rhyolite >71 0.44 4.3 0.75 2 


CaO % 


Eu/Eu* 


Figure 25.12 CaO v. Eu/Eu* for Calipuy Group rocks; note the 
position of rock VC from Lurin and general positive correlation. 


It is noteworthy that neither of these, or the remainder, 
show any consistent or marked curvature upwards or 
downwards, although there is often a very slight drop in 
Lu, compared to Yby. In these respects the patterns are 
very similar to some high-K andesite rocks described by 
Gill (1981, p. 128). In two cases only, VII and VI82, 
the Tby/Yby ratio is significantly less than | (0.75). 
Both these rocks are acid flows from the Fortaleza 
section with marked Eu anomalies. However this same 
feature is not seen in similar acidic rocks from Paccho 
which also have Eu anomalies. This must relate to 
different source/fractionation histories. 

An important feature seen in Figure 25.11 is that in 
spite of the general similarity of many of the rocks with 
regard to REE abundances, there are differences from 
traverse to traverse and individual traverses often show 
consistent and systematic variation throughout, e.g. 
Paccho. Plots of La v. SiO, (or Zr) using all the data 
indicate a crude increase in LREE with increasingly 
evolved character (Figure 25.13), although in detail the 
situation is more complex. Thus dividing the rocks 
(from all the traverses) into basalts, basaltic 
andesites + andesites, and dacites, it can be seen that 
over a SiO, range: 46%-52% (inconsistently varying), 
the Zr increases from 72 ppm to 305 ppm in the same 
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Figure 25.13 Lav. SiO, (a) and La v. Zr (b) plots of some Calipuy 
Group rocks. 

direction as the LREE. In the basaltic andesites and 
andesites the SiO,, Zr and LREE increase together in 
most, but not all cases. Thus rock 536 with 61% SiO, 
and 164 ppm Zr has relatively depressed LREE com- 
pared to associated rocks, although the pattern is very 
similar. Zr values increase irregularly with increasing 
LREE over the range 122-273 ppm (for details see 
Atherton, in prep.), while SiO, varies from 52-61%. In 
the dacites the LREE occupy the same field as the 
andesites, but the rocks have large Eu anomalies and 
range over almost the whole of the HREE fields of the 
basalts and andesites (Figure 25.14). SiO, and Zr in the 
dacites vary irregularly with REE, although the highest 
LREEs occur in the rock with the highest SiO, and Zr 
contents. There is a suggestion that with increasing 
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Figure 25.14 REE fields for basalts, basaltic andesites + andesites 
and dacites. Rocks from all sections grouped together. 
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Figure 25.15 Plots of Luy v. SiO, and Zr for rocks from the Calipuy 
Group of all compositions. 


SiO, the HREEs increase (see V. 182, 75% SiO, ), while 
in the case of VII with the highest HREE it appears to 
be associated with a fall in the LREE (La, Ce, Nd, 
Figure 25.11). 

Some of these features are also seen in a Cey/Yby v. 
SiO, plot, where a very crude positive correlation is 
seen. Rocks such as VII with an asymmetric ‘seagull’ 
shape and P5 with an enhanced incompatible element 
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Figure 25.16 REE data for some rocks of the Paccho section 
showing consistent trends in the lower and upper Calipuy section in 
this area. The exact positions of samples V2 and V4 relative to the 
others is not certain. The vertical scale is arbitrarily related to height 
in this figure. 


content are not consistent with this simple correlation, 
indicating a complex and separate history for these 
Calipuy rocks. 

Plots of HREE (Luy) against fractionation (either 
SiO, or Zr) show very similar features (Figure 25.15): a 
broad trend with either no variation or a slight increase 
in HREE with fractionation, a wide range of Luy values 
for a given Zr (or SiO,) value, and sample VII, the very 
evolved acid rock lying well off the general trend. Y also 
shows little variation with fractionation, varying be- 
tween 20-40 ppm, except for the odd dacites with 
Y > 40 ppm (Figure 25.20). The variations in REE for 
a given degree of fractionation as measured by SiO, or 
Zr and the exceptions to the general patterns are, we 
believe, due to the polymagmatic character of the 
Calipuy Group. Eu anomalies in the Calipuy rocks are 
significant in the dacites and rhyolites (0.70 and 0.44 
respectively), although there is a subtle increase in 
negative europium anomaly from basalt to andesite, 
e.g. 096-—-0.90-0.86 (Table 25.2). This variation 
coincides with those mentioned earlier, i.e. a slight 
decrease in Tby/Yby and an increase in Cey/Yby 
towards dacitic compositions (Table 25.2). The va- 
riations within individual traverses will be discussed 
elsewhere in detail, but in general although the Up- 
per Calipuy is strongly acidic—in the Paccho section 
the analysed rocks lie on the  dacite/rhyolite 
boundary—there is no consistent increase in acidity up 
the sequence. Indeed in the basalts and andesites there 
is a systematic decrease in Cey/Yby and La up the 
sequence, with an almost constant or slightly decreasing 
Yb, Zr and SiO, content in the same direction 
(Figure 25.17). Within this basic sequence are horizons 
of more acid character which show no obvious re- 
lationship to variations shown by the more basic rocks 
(Figure 25.4). The abrupt incoming of the acid rocks 
and their very different chemistry suggests they evolved 
separately. Although more detailed stratigraphic know- 
ledge is required to determine consanguinity in these 
rocks, nonetheless it is evident from the above that 
within-section variability is smaller than that shown by 
the whole data set. Note in particular the REE data for 
the Paccho Section (Figures 25.11, 25.16). 


DACITE. RHYOLITE 


CN GSA RS 


BASALT B. ANDESITE ANDESITE 
a Wa 
| a - 
V ww 
= ve wy 
uw , uv 
- - a - 
55 an a a 
e - u u — 
8 uw — ae uu 
= ve Vee ie 
Vu u u uw 
uv uw a ne 
u Led — uw 
bal u u Re 
ae oe uw a 
50 55 60 


65 70 75 


280 


Figure 25.17 Histogram of SiO, (wt%,) v. frequency for all rocks 
from the Calipuy Group, indicating a continuity from basaltic to 
rhyolitic compositions and a marked negative skew. 
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Discussion and conclusions 


The rocks of the Calipuy Group vary in composition 
from basalt through to rhyolite, with basalt and 
andesite compositions making up two thirds of the total 
analysed sample. The basic rocks are predominantly 
lavas, while the acidic rocks are usually pyroclastic in 
nature. Although acid rocks predominate at the top of 
the sequence, within the Upper Calipuy Formation, 
there is no clear vertical variation and acid horizons 
occur throughout the dominantly basic, Lower Calipuy 
Formation. This suggests a polymagmatic origin for the 
Calipuy Group (McCourt, 1978). However the va- 
riation in major and trace elements over the whole of 
the ‘sampled’ Calipuy shows a coherent character 
which we take to be an expression of a similar pattern of 
genesis and evolution for all the rocks. The local 
variations along particular traverses are more coherent 
and must relate to long-lived systems supplying magma 
with a similar chemical imprint. In contrast to the older 
basic Gasma lavas, which lie beneath the Calipuy rocks, 
they have lower FeO and MgO and higher K,O and 
Al, O, contents. The SiO, mode is also higher. The high 
Ba, Rb, K,O, Y and Zr compared to Casma basalts 
(Atherton et al., 1983, and Chapter 6) indicates their 
more evolved character as does the low abundances of 
compatible elements. These features place the basic 
Calipuy within the true calc-alkaline series of Jakes and 
White (1972) and some rocks specifically within the 
field of K-rich calc-alkaline basalt from an ensialic 
environment. The REE patterns are similar to those 
found in rocks from elsewhere in the Andes, of similar or 
younger ages (Dostal et al., 1977; Lopez-Escobar et al., 
1977), and are very similar to the patterns found in calc- 
alkaline Quaternary lavas from the Sunda Arc in Java 
and Bali (Figure 25.5, Whitford ef al., 1979). The flat 
distribution of the HREE in these and the examples 
above indicates the primary melt was not in equilib- 
rium with a major garnet-containing residuum. 

The dacites and rhyolites of the Calipuy Group are 
difficult to sample properly; they are frequently altered 
and are highly evolved with high levels of incompatible 
elements such as Zr. The REE patterns show mo- 
derately enriched LREE and marked negative euro- 
pium anomalies. 

The Calipuy volcanic rocks belong to the high- 
alumina _ basalt-andesite-dacite-rhyolite asyociation 
which is the most voluminous and characteristic vol- 
canic association of the Andes (Lopez-Escobar e/ al., 
1976, 1977; Dostal et al., 1977; Pichler et al., 1976). 
‘Andean’ magmatism started in Peru in the Triassic 
and was almost continuous to the Quaternary. 
Volcanism occurred in belts more or less parallel to the 
present trench with the axis of the Calipuy volcanic 
field lying inboard of that of the older (Cretaceous) 
Casma Group. Thus the Calipuy rocks passed through 
the continental edge lying to the east of the marginal 
basin, and its character may relate in part to this. The 
composition, association, petrology and geotectonic 
setting of the Calipuy Group clearly indicate 
mantle derivation in association with convergent 


oceanic/continental lithosphere (cf. Lopez-Escobar 
et al., 1977). 

Various authors have discussed the generation of 
Andean rocks of this association (Lopez-Escobar, 1977; 
Thorpe et al., 1976) involving residual amphibole in 
hydrous basaltic systems, or garnet, either in eclogitic 
facies or in peridotite. The REE data is clearly not 
compatible with garnet in the source material, nor with 
the large amounts of melting of basalt required to 
produce the andesites or basaltic andesites. This and 
other arguments will not be discussed further here as 
they are well documented and are clear and unequivo- 
cal. The Calipuy rocks contrast sharply with some other 
Andean rocks, for example the Tupingato andesite 
(Lopez-Escobar et al.,*1977), the north Chilean an- 
desites of San Pedro, San Pablo (Thorpe et al., 1976) 
and Peru, 12°—13° (Noble et al., 1975), which all show a 
characteristic HREE depletion curve compatible with 
garnet in the source zone. In general all of the Calipuy 
rocks have REE patterns which are very like classic 
Pacific island arc, calc-alkali rocks (see particularly the 
Sunda Arc rocks, Whitford e al., 1979). 

On the basis of the M/FM ratio and the Ni 
( < 20 ppm) contents of the basaltic rocks it is clear that 
even the most mafic rocks are not primary mantle- 
derived melts. In this respect the Calipuy Group is 
much more evolved than the Gasma Group lying below 
it (Atherton e¢ al., 1983, and Chapter 6). This is also 
obvious from the plagioclase phenocryst-rich nature of 
all the rocks (Figure 25.2), which may not always 
represent liquid compositions. Normative olivine is 
characteristically rare. 

Taking the features mentioned above into account 
the basic rocks of the Calipuy Group may be generated 
from 3°% melting of spinel-peridotite (modal pro- 
portions 15% clinopyroxene, 26% orthopyroxene, 
60% olivine: melting ratio 2:1:1), with subsequent 
fractionation (20%) of olivine and clinopyroxene (4:1 
ratio) to reduce the compatible elements to the levels 
found. The REE data used to generate this model 
relate to an upper mantle peridotite composition of 
twice chondrite with Ky values taken from Arth 
(1976). Larger degrees of melting would be possible if 
the source was enriched in LIL and LREE elements. 
Such enrichment is very characteristic of peridotite 
overlying a downgoing oceanic plate (Kay, 1977). In 
Peru the plutonic precursor to the Calipuy rocks was 
the Coastal Batholith which may have evolved above a 
subduction zone over a period of 70 Ma. Calipuy rocks 
lie along the eastern margin of the batholith, and may 
wellat one time have covered it in part at least. Thus the 
mantle wedge from which the Calipuy rocks were later 
derived may have had a long history involving among 
other things modification by addition of fluids + melt 
from the underlying subducted oceanic slab. These 
would migrate upwards becoming enriched in LIL 
elements by scavenging or zone refining (Best, 1975). 
Earlier enrichment may also have occurred during the 
evolution of the marginal basin (Atherton e¢ al., 1983, 
and Chapter 6). 

So far we have been concerned with the first two 


281 


MAGMATISM AT A PLATE EDGE: THE PERUVIAN ANDES 


aspects of the generation of the calc-alkali rocks of the 

Calipuy Group, viz. (a) partial melting of LIL element- 

enriched spinel peridotite above the downgoing oceanic 

slab; (b) fractional crystallization at depth to produce 
the compatible element depleted basalts. Two further 
aspects which probably give rise to the wide chemical 
variation seen in the Calipuy Group need some con- 
sideration. Firstly, interaction with the crust, which 
may involve scavenging of radioactive elements, Sr in 
particular. There is no clear chemical evidence of 
crustal contamination, but this will need verification 
with isotope studies. However, it should be noted that 
the Calipuy rocks which presumably came up fissure 
type vents (Atherton etal., 1979) passed at depth 
through the high-density (3.00°%kg/m?) material of the 
eastern side of the marginal basin (Atherton et al., 

1983). Contamination from this lower crustal material 

may be difficult or impossible to distinguish chemically 

from deeper mantle-wedge material. 

Secondly, the role of fractionation in the production 
of the more evolved rocks, particularly the dacites and 
rhyolites will now be considered. Although we have 
previously considered that the dacites and rhyolites 
may have had a crustal origin (McCourt, in Atherton 
et al., 1979) separate from the basalts and andesites, it 
now seems more likely that they evolved by fraction- 
ation from basalts or basaltic andesites of similar 
composition to the exposed basic rocks of the Calipuy. 
The evidence for this is as follows: 

(1) SiO, values, in histogram form (Figure 25.17) show 
a continuity with a maxima around 56% SiO, 
(basaltic andesite/andesite boundary) ; the distri- 
bution being skewed away from dacite/rhyolite 
compositions, a feature to be expected if the latter 
represent fractionates of andesites. 

(2) M/FM values of the dacites and rhyolites cover the 
same range as the whole data block (Figure 25.18). 

(3) CGaO-Y, Rb-Sr and Y-Zr plots (Figure 25.19) show 
coherent high-level crystallization trends involving 
clinopyroxene + plagioclase precipitation, which 
may explain evolution of the dacites + rhyolites 
from the basic rocks. 

(4) REE data for the whole of the Calipuy show 
consistent patterns (Figure 25.14), and overlap- 
ping fields apart from europium anomalies in the 
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Figure 25.18 F/FM values of all rocks analysed from the Calipuy 
Group indicating continuity of the data and dacite rhyolite values 
similar to those of the basic rocks. 
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Figure 25.19 (a) Cav. Y, (b) Rbu. Sr, (c) Y v. Zr plots for Calipuy 
Group rocks illustrating possible evolution of the dacites and rhyolites 
from the more basic rocks. Vectors for the Y v. Zr plot calculated from 
Kp values of Pearce and Norry (1979); a, acid, i, intermediate, b, 
basic compositions. Vector on the Rb v. Sr plot is the fractionation 
path from a basalt (600 ppm Sr, 20 ppm Rb) to a rhyolite resulting 
from 9:1 plagioclase: hornblende precipitation (0.9 fraction). 


dacites and rhyolites. On a Sm v. Ce/Yb plot 
(Figure 25.20) in which the Ce/Yb ratio for these 
compositions is mainly a function of source region 
mineralogy, the dacites and rhyolites lie within the 
field of the andesites but are unlikely have evolved 
by dominant plagioclase + clinopyroxene fractio- 
nation from any of the plotted rocks. However they 
could have evolved from rocks within the general 
composition field of the Calipuy rocks. Vectors are 
drawn using Ay values from Arth (1976). 
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Figure 25.20 Sm v. Ce/Yb plot for Calipuy Group rocks; acid rocks 
designated separately (open circles). ‘Mineral’ vectors were calcu- 
lated from partition coefficients for andesite, dacite and rhyolite 
compositions. General field for Calipuy rocks shown by diagonal 
lines. 
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Figure 25.21 Sm/Eu v. Sm ppm plot showing mineral vectors 
which might be appropriate in the fractionation of the Calipuy 
dacites and rhyolites from the basalts. Symbols as in Figure 25.20. 


On a Sm v. Sm/Eu plot which characterizes 
europium anomalies in rocks, the dacites 
+rhyolites lie in a field above the more basic 
rocks (Figure 24.21) and could clearly be explained 
by plagioclase (dominant) + clinopyroxene sepa- 
ration. These arguments and conclusions are si- 

/milar to those put forward for North Chilean 

dacite-rhyolite ignimbrites by Thorpe et al. (1979). 

(5) Evidence for titano-magnetite precipitation is seen 
in plots of Ti and V against Zr in which Ti and V 
dramatically drop in concentration at or near the 
andesite/dacite boundary (==60%). 

(6) Modelling of the dacite/rhyolite evolution from an 
andesitic composition within the compositional 
space defined by the present data block, indicates 
that it is possible to produce the REE spectrum of 
the acid rocks by 30% precipitation of a mix of 80% 
plagioclase + 20% clinopyroxene. 

For these reasons it seems to be very likely that the 
acid parts of the Calipuy Group were derived by 
fractional crystallization from andesitic magma, pro- 
bably in intermediate magma chambers in the crust. 
The lack of detailed stratigraphic variation does not 
allow speculation as to whether these magma chambers 
were zoned, but if the data from the individual traverses 
is used it can be seen that variations within a traverse 
are more coherent than the whole data set, which 
implies some long-standing environment (magma 
chamber) in which magma was stored and evolved. 

In brief the evolution of the Galipuy Group rocks can 
be divided into four stages: 

(a) generation of fluid-melt on the downgoing ocea- 
nic slab; 

(b) enrichment of the mantle wedge above in lithophile 
elements, possibly involving scavenging and/or 
zone-refining processes (Best, 1975) ; 


Vertical section of the Calipuy Group near Tapacocha, Ancash. 
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Figure 25.22 Vertical section through the Calipuy Group near 
Tapacocha, Ancash, taken from Webb (1976). Note most of the lavas 


in the section were sampled and analysed (cf. Figure 25.4). Scale: 


vertical, 12mm = 100m; horizontal, 10 mm = 100m. 
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(c) formation of basaltic melts from a spinel-peridotite 
mantle (at depths of < 60km) enriched in water 
and LIL elements: more andesitic compositions 
could occur by direct melting or by removal of 
liquidus olivine with some clinopyroxene; 

(d) some or even a large amount of the fractionation 
involving olivine and pyroxenes could occur at 
higher levels, but at depths greater than 35 km; 

(e) the remainder of the fractionation involving 
plagioclase + clinopyroxene occurred at depths of 
less than 35 km and could have occurred on ascent 
or in intermediate magma chambers in which the 
evolution of the dacites and rhyolites took place. 
The increasing acid and pyroclastic nature of the 
Calipuy heralded, perhaps, the build-up of highly 
fractionated volatile-rich magma as replenishment 
of the magma chamber diminished. 

In conclusion, some comments should be made on the 
view that there is ‘a genetic connection between 
batholiths and volcanic fields in the Andes’ (Pitcher, 
1978, after Hamilton, 1969). Pitcher considered the 
Peru relationships supported this, and that there were 
‘major volcanoes venting magma directly from the 
plutons over at least 30 Ma’ (Pitcher, 1978, p. 178). As 
far as the exposed Calipuy rocks are concerned this 
seems to us unlikely, and some of the reasons are given in 
Atherton eal. (1979). For instance the lack of an 
overlap in age and the lack of major ring complexes to 
the south of Lima where the Calipuy outcrops in a 
similar manner to that in the north must be cogent 
arguments against a direct connection. 

From this work it is also clear that the sampled 
Calipuy Group is basic in composition and rarely as 
evolved as most of the ring complex magmas. In general 
it seems very unlikely that the ring complexes could 
vent basic magma of the quantity and chemistry of the 
Calipuy lavas. Furthermore the Calipuy petrology is 
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consistently simple, the rocks are characteristically 
hyaline throughout, bearing intermediate plagioclase 
and clinopyroxene phenocrysts, with more rarely two 
pyroxenes and or olivine, and very minor hornblende, 
with some biotite at acid compositions. This anhydrous 
assemblage contrasts sharply with the ubiquitous horn- 
blende bearing assemblages of the batholith super- 
units, although in some super-units clinopyroxene may 
be an early phase, but in the more evolved magmas 
hornblende invariably takes over. On the whole the 
Calipuy rocks appear to have been much less hydrous 
than the plutonic rocks, and have a simpler petrological 
history (see Thorpe and Francis, 1979). 

The coherence of the Calipuy magmas within a given 
traverse and the hyaline character of the rocks suggest 
large magma chambers and/or deep source conditions 
remaining very similar with respect to trace element 
composition, e.g. large source volume. In any case, the 
consistent character of the lava trace-element com- 
positions through great thicknesses of the Calipuy, i.e. 
Paccho, section (1600m) seems incompatible with 
magma evolution in the high-level chambers, within a 
few kilometres of the surface (Atherton and Brenchley, 
1972) which are characteristic of the batholith. 

With regard to some of the lower acid parts of the 
Calipuy being erupted out of the ring dykes (Pitcher, 
1978, p. 159, and see Bussell, this volume), it may be 
impossible to prove or disprove without more precise 
dating of the basal Calipuy rocks, which so far give ages 
which are too young to have come from the ring 
complexes. Until such evidence is forthcoming we think 
the simplest model involves evolution of the acid rocks 
from the basic rocks and eruption of all the Calipuy 
lavas and pyroclastic rocks from fissures with an 
Andean trend (see Atherton ¢t al., 1979). For an 
alternative interpretation, not entirely exclusive, see 
Bussell, this volume. 
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Plate tectonics and the Mesozoic Andes 


This book has been concerned with aspects of the 
evolution of the Peruvian Andes from the Upper 
Palaeozoic until the Palaeogene. In it we and our 
colleagues have only touched on the comparison with 
the more recent history of the Andes, a history that can 
reasonably be interpreted in terms of the high angle 
approach of oceanic and continental plates. In the 
event it seems likely that this existing subduction regime 
represents a special case and we echo many of Zeil’s 
valid criticisms of the extrapolation of this relatively 
simple Pacific subduction model back in time (Zeil, 
1979). 

As is well known there is a general pattern in the 
development of the margin of the South American plate 
lying to the south of the Gulf of Guayaquil. In broad 
terms the tectonic history of this margin during the 
upper Palaeozoic is one of compression due to a 
continent—continent interaction in the regions of Peru 
and northern Chile, and to an ocean—continent in- 
teraction in central and southern Chile which involved 
the growth of a substantial accretionary prism 
(Forsythe, 1982). 

In great contrast, the Mesozoic was a time of 
extensional tectonics with new crust being formed by 
the introduction of magma within the once continuous 
Palaeozoic continental margin (Drake et al., 1982) —a 
regime likely to have been initiated in the Permo-Trias 
with the synsedimentary graben tectonics developed 
within the Palaeozoic Eastern Cordillera of Peru. With 
a relatively minor hesitation during the Jurassic this 
extensional regime lasted until the mid-Cretaceous, 
resulting in a pulling apart of the continental crust and 
the development of marginal basins all along the Pacific 
margin from Ecuador to Patagonia (Atherton ¢/ al., 
1983; Dalziel, 1981). It ended with an end-Albian 
compressive phase at about the time of a world-wide 
increase in sea-floor spreading rates, after which the 
continental margin became increasingly stabilized, 
albeit subject to brief periods of compression and uplift 


well into the Cenozoic. During much of this time the 
belt evolved as a jostling of fault-margined crustal slices 
with independent histories, always essentially encra- 
tonic with an understory of old crust, although this was 
variously thinned or even split apart in the axial zones of 
the developing marginal basins. 

It is, of course, possible to model both extension and 
compression in arc terrains in terms of relative plate- 
motion vectors at convergent margins (Molnar and 
Atwater, 1978; Rabinwitz and La Breque, 1979; 
Dewey, 1980), but it seems that the Mesozoic Andes 
may have another story to tell, as is suggested by a 
comparison of the geological histories of the northern 
and the central with the southern parts of that chain. 

To the north of Guayaquil, in northern Ecuador and 
Colombia, the old basement is lacking from the western 
part of the Andean belt and a direct interplay of oceanic 
and continental crust is suspected, complete with all the 
classical elements of the plate tectonic model, viz. fore- 
arc, arc, back-arc and continental lip (Meissner e¢ Gila 
1976; Gobel, 1978; Feininger ef al., 1980). However it 
seems that substantial parts of this sequence are alloch- 
thonous, representing displaced terrains introduced 
and juxtaposed as slivers between the several branches 
of the Romeral fault-system, the westerly member of 
which separated the arc sequences from the continental 
edge proper (McCourt ef al., 1984). 

That the northern Andes are constructed of such 
terrains, obliquely accreted on to the continent over a 
long period, is apparently in strong contrast to the 
central Andes, at least as exemplified in Peru where the 
volcanic arc lay inside the continental margin, where 
the tectonic blocks have remained essentially autoch- 
thonous and where the old crust now abuts directly 
against the trench. Nevertheless there is evidence for a 
substantial land mass to the west of the present 
continental margin during the Devonian (Isaacson, 
1974), and as late as the early Cretaceous sedimentary 
rocks in the neighbourhood of Lima were derived from 
a westerly source (Wilson, 1963). Part of this land mass 
may have been consumed by subduction as envisaged 


285 


MAGMATISM AT A PLATE EDGE! THE PERUVIAN ANDES 


by Rutland (1971), or may alternatively have slid away 
northwards on a major transcurrent fault-line akin to 
that of Romeral. Even so, transcurrent movement is not 
a feature of marginal-parallel faults in Peru, which are 
patently of normal or reverse character. In fact the only 
evidence for transcurrent movement lies in Mégard’s 
belief (pers. comm., 1983) that an inflexion of the 
Chavin basin of northern Peru, in association with 
anomalous trans-Andean fold-trends, can be inter- 
preted in terms of a pull-apart structure lying within a 
transcurrent fault zone of Mesozoic age. 

Conflicting though the evidence is in Peru it is the 
disappearance of former continental extensions that 
lends support to a view of eastern Pacific geology 
recently embraced by a number of writers (e.g. Nur and 
Ben Avraham, 1981), whereby fragments of island arcs 
or minicontinents are ferried in on the ocean plate to 
obliquely collide and compress the margin (Kellerher 
and McCann, 1977), then to slide away on transcurrent 
faults. Such a thesis certainly emphasizes the role of 
faulting in the continental lip, of which much has been 
made in this book, especially in relation to the provision 
of conduits for the magmas. However, we do not know 
whether it was transitory collisions or increases in the 
rate of plate approach which were responsible for the 
interplay of compression and relaxation involved in the 
typical tectono-magmatic cycle of the Andes, viz. 
extension, basin formation with vulcanicity, followed 
by compression, short-lived and associated with the 
intrusion of gabbro, closely followed by the emplace- 
ment of granite in a period of relative relaxation, the 
cycle terminated by uplift. It is as if, in tension, rifting 
permits basic magmas to surface rapidly whilst, in 
compression, basic magmas are squeezed slowly up- 
wards to initiate a remelting cycle leading to granitoid 
evolution. 

Although the new views open to question the whole 
concept of Mesozoic Andean orogeny in the sense of 
subduction of normal oceanic crust beneath the con- 
tinent, there still remains evidence of such underthrust- 
ing in Peru in the very asymmetry of the orogen, in the 
longevity of the magmatism and the lateral zoning of 
the rich ore deposits, not to mention the global 
geometry of the process itself. The modifications which 
are necessary to the model arise from the obvious 
fracture control of intrusion on all scales, the continuity 
of plutonic lineaments across transverse structural 
deflections in the mobile belt, and the restriction of 
magmatism to specific lineaments over long periods of 
time, all of which suggest that the magmatism was 
located more by deep-reaching fault systems than 
position in relation to a Benioff zone. 


Cordilleran batholiths 


Turning to the role of the granitoids in the 
Mesozoic~Cenozoic Andes we note that although they 
occur everywhere along the chain the really great 
batholiths, with a full span of lithologies, only become 
an important element of the magmatism within the 
continental marginal arcs of the central and southern 
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Andes. In the island-arc terrains of the Ecuadorian and 
Colombian Andes their place is taken by scattered 
plutons of strongly calcic quartz diorite and tonalite 
(Baum and Gobel, 1980). This underlines the fact that 
the connection between voluminous granite and thick 
continental crust still holds even if it has to be restated in 
terms involving new crust. 

It is in the central and southern Andes, on the flank of 
a great downbowing of the Moho, where the immense, 
granodioritic batholiths appear along with their as- 
sociated gabbros, both intruding essentially coeval 
volcanic rocks of the Mesozoic and Cenozoic tectono- 
magmatic cycles. However even within this single 
environment there are differing relationships with crust 
of different composition. Thus in Peru the Coastal 
Batholith is emplaced along the axis of a marginal 
volcanogenic basin above an arch of new mafic crust, 
though it also extends into sectors underpinned with old 
silicic crust. In north-central Chile the combination of 
ensialic spreading and the migration of the plutonic 
locus provides a variety of relationships involving both 
the flanks and the several internal growth zones of a 
Mesozoic—early Cenozoic volcanic belt which ap- 
parently remained underpinned with old crust. Here 
the parallel belts of granitoid plutons range in age from 
late Palaeozoic in the west to Cenozoic in the east. 
However in southern Chile the situation is more fixed, 
as in Peru, and the Patagonian Batholith, which bears 
many resemblances to the Coastal Batholith, is largely 
emplaced in a clastic accretionary wedge located on the 
western flank of a marginal basin floored by new mafic 
crust (Dalziel, 1981). 

Within this Peruvian—Chilean sector of the Andes 
there is also the possibility of seeing batholiths exposed 
at different levels in the crust as well as in different 
lateral zones, so that it is possible to contrast, for 
example, the rocks of the high-level Coastal Batholith of 
Peru with those of the central zone of the Patagonian 
Batholith where uplift and erosion have exposed deeper 
sections of the arc (Bartholomew and Tarney, 1984). 
Nevertheless there is the remarkable fact that over a 
distance of 2000km the batholithic belt of Peru is at 
present exposed at a universally high level in the crust, 
high enough to reveal, almost uniquely, the details of 
the plutonic—volcanic interface. 

Despite these variations in lateral position within the 
arc and degree of migration of the locus, the great linear 
batholiths of the Mesozoic Andes are universally mul- 
tiple, multipulse intrusions which are similar in petro- 
graphic characteristics, show the same broad span of 
modal composition, and are all associated with early 
gabbros and coeval basic to intermediate dyke swarms. 
They are universally calc-alkaline, biotite-hornblende- 
magnetite-bearing I-types (Aguirre, 1983), and in so far 
as detailed compositional studies have been made 
(Peru: Atherton efal., this vol.; Northern Chile: 
McNutt eal., 1975, 1976; Central Chile: Lopez- 
Escobar etal., 1979; Patagonia: Sdurez, 1977, 
Bartholomew and Tarney, 1984; and see also compara- 
ble studies in the Antarctic Peninsula by Saunders and 
Tarney, 1982) there is everywhere clear evidence of the 


derivation from mantle sources with but small contri- 
butions from older crust, whether this be a Phanerozoic 
clastic accretionary wedge as in Patagonia or ancient 
crystalline crust as in parts of Peru. Where, as in north- 
central Chile, such magmas intruded an old crust 
hosting S-type granites earlier derived from a con- 
tinental lower crustal source (Damm and Pickowiak, 
1981), the contrast in composition between the I- and 
S-types of granite is particularly striking and serves well 
to illustrate the differences in magmatism in the two 
different tectonic environments, one involving the end- 
stage of a compressional phase and the other extension. 

These Mesozoic I-type granitoids everywhere show a 
close association in time and space with intrusive basic 
rocks and also with volcanic rocks of a comparable 
range of compositions. Although this clearly argues fora 
common source in depth we have in this book expressed 
doubt on the intermediate role of the granitoid plutons 
of the Coastal Batholith as supply chambers for the bulk 
of the existing volcanics. Rather the connexion lies in 
the role of the basic magmas in carrying upward the 
heat required for melting the new crust. 

It seems that neither the granitic nor volcanic rocks 
owe much of their composition to the old crust or to a 
downgoing oceanic slab. It was the sub-continental 
mantle that provided the precursors to these calc- 
alkaline magmas (various authors, this volume, and see 
also Saunders and Tarney, 1982), though a subducted 
oceanic slab is often envisaged as supplying super- 
critical hydrous fluids carrying soluble Large Ion 
Lithophile elements. 

Of greatest interest is the finding that the ‘floor’ of the 
marginal basins in southern Chile and South Georgia 
are composed of gabbros sheeted by basaltic dykes 
though there are no ultrabasic rocks (Dalziel, 1981; 
Saunders et al., 1979). It is just such a mantle-derived 
rock assemblage which could have provided a source for 
the granitoids. Thus in the Andes there are assembled 
all the terms in a model for a two-stage remelting 
process involving the formation of new mafic lower 
crust and the subsequent production of granitoids in the 
margin zone of a continental plate margin. The pro- 
blem still remains, however, of explaining the very great 
volume of silicic magma produced, a problem com- 
pounded by relegation of the role of the old crust. More 
specifically it is difficult to understand why granite- 
dominated rock suites are most abundant in just that 
part of the Coastal Batholith of Peru lying in the core 
region of a marginal basin. 

In the South American context the Coastal Batholith 
of Peru presents a singular case of the generation of 
magma in one narrow crustal zone for over 80 m.y., 
with only a subdued migration of the locus of intrusion. 
A model is thus provided for the evolution of all the 
terms in the granitoid spectrum of composition without 
the significant involvement of old crust or change 
in the isotopic composition of the source. Perhaps the 
Patagonian Batholith is similar but a detailed com- 
parison awaits further studies and we turn to the 
batholiths of the Californias to search for analogous 
situations. 


EPILOGUE 


The Peninsular Ranges Batholith provides a key 
example of granitoid evolution within a marginal arc 
environment (Silver eal., 1974; Todd and Shaw, 
1979). There is a contrasted development in two 
adjacent sites, each representing a different type of arc 
dynamics—a young migrating arc in the east and an 
older static arc in the west, the latter lying within the 
marginal arc proper and the former within a clastic 
apron fringing the continental lip. It is with the 
granitoids of the continental flank of the older arc that 
the Coastal Batholith compares most closely in its 
volcanic and volcaniclastic environment, in its asso- 
ciation with precursor gabbros formed by crystal 
accumulation (Smith et al., 1982), in exhibiting the 
same diverse spectrum of lithologies, in showing se- 
parate intrusive sequences, and in having similar 
geochemical characteristics which again firmly place 
the source as being of basaltic bulk composition. 
Furthermore the distinctions between the rocks of the 
compositional zones in the Peninsular Ranges are 
shown to have been imprinted in the source regions, 
presumably in response to the differing, depth- 
dependent stability relationships of plagioclase vis-a-vis 
garnet. As in Peru the different geochemical signatures 
were not produced by high-level processes. 

If the comparison is as close as we suspect it would: 
seem impossible to distinguish on compositional 
grounds between batholiths emplaced within marginal 
basins with mafic floors and those within continent- 
fringing volcanic arcs, equally with mafic floors. There 
is however a significant difference in the relative 
volumes of magma involved, the scattered, isolated 
plutons of the older arc in the Californias contrasting 
with the contiguous plutonic assemblage of the linear 
batholith lying within the marginal basin of coastal 
Peru, a contrast reminiscent of that shown between the 
granitoids of Peru and Colombia. 

An asymmetric compositional zonation is parti- 
cularly evident in the Sierra Nevada Batholith 
(Bateman, 1983), the zones spreading out eastwards 
across a complex continental margin representing the 
truncated edge of a Palaeozoic Cordilleran orogen 
(Burchfield and Davis, 1972). Here a classic example is 
provided of continent-ward increases in compositional 
indices such as those of potassium and the initial 
87Sr/®°Sr ratio. Though exposed at a somewhat deeper 
level than in Peru the constituent granitoids have many 
features which exactly mirror those of the Coastal 
Batholith (cf. Bateman, 1983, p. 246) especially the 
clear grouping of the rock units into consanguineous 
sequences (equivalent to super-units or suites) having 
elongate outcrops along the axis of the batholith, each 
representing the differentiation of a common parent 
modelled as being produced during a single, equilib- 
rium fusion event (Presnall and Bateman, 1973). 
According to Bateman and his co-workers such differen- 
tiation processes continued to operate even to the final 
level of emplacement to produce the zoned plutons 
(Bateman and Chappell, 1979). 

More specifically it is the rock assemblage in the 
western flank of the Sierra Nevada that compares best 
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with that of the Coastal Batholith, though with the 
important difference that it is only the gabbros, quartz 
diorites and tonalites that are represented in the former 
locality in contrast to the full gamut of rock types 
present in the latter. It is as if, in Peru, the Sierra 
Nevada Batholith had been concentrated into a nar- 
rower zone. However an important difference is re- 
vealed by the virtual lack of a transverse variation in 
the potassium index in the rocks of the Coastal 
Batholith, and a relative uniformity of the initial 
87Sr/®°Sr ratio (0.7042—0.705) in the latter in contrast to 
a range of 0.704—0.708 in the Sierra Nevada. Such a 
difference is presumably a consequence of a single 
geographical source for the Coastal Batholith, the 
outcrop coincidence of the compositionally different 
rock suites suggesting a control by depth to the zone of 
melting, a thesis consonant with the high-K diorites 
representing one of the earliest and deepest-seated of the 
melts. In the Sierra Nevada the generation of similar 
monzonitic rocks in the White-Inyo range is also 
interpreted on this basis (Sylvester e¢ al., 1978), al- 
though here the locus of intrusion forms the easternmost 
zone of that spread-out batholith. It could be argued 
that the depth to the melt-zone was related to a dipping 
Benioff zone, specifically in Peru to a changing in- 
tersection of the latter with a vertical, deep-reaching 
fault-zone (Pitcher, 1978), but this is highly speculative 
in view of the complexity of the geological history 
hinted at above. Whatever the final model for the 
generation of these monzonitic rocks we emphasize 
their common occurrence in subduction related zones. 

Concerning the nature of the deep understories of 
these batholiths it is of particular interest to find that, 
like the Coastal Batholith, the western part of the Sierra 
Nevada Batholith also lies on the flank of a downwarp 
in the Moho, and that its intrusives can be modelled as 
passing down into a mafic lower crust (Bateman, 1981) 
directly identified as consisting of almandine- 
clinopyroxene-amphibole rocks (by preservation as 
fragments in a volcanic pipe, according to Lockwood, in 
Oliver, 1977). 

From these and many other continuing studies (see 
Memoir 159 of the Geological Society of America) it is 
easy to see an overall similarity in the character and 
possible source-rock composition of the linear ba- 
tholiths located within the circum-Pacific Mesozoic 
terrains of the Americas. Whatever complex interplay 
of ocean-continent subduction and transform faulting is 
needed to provide the energy for melting, the bulk of the 
granitoid magmas are likely to have been derived from 
new mafic crust belonging to the same magmatic cycle 
or, alternatively, from the immediately subjacent 
mantle wedge, with relatively minor compositional 
changes related to the geographical location of the 
ultimate mantle source, the depth of melting and the 
proximity of old crust. 

The exact nature of this new mafic crust and the 
physical processes involved in its remelting are matters 
for speculation, though the exposure of the deeper zones 
of the marginal basins of South America and the 
presence elsewhere of deep-seated rocks in volcanic 
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pipes provide some clues as to its mineralogical com- 
position. In this connexion it would be especially useful 
to resolve the restite problem, specifically in these I-type 
granitoids, to prove conclusively whether the ubi- 
quitous calcic plagioclase cores represent an unmelted 
residue of such mafic source rocks or an early 
precipitate. 

Leaving in abeyance this latter problem the universal 
finding that distinct batches of melt are generated 
episodically and over short intervals of time, each with a 
separate chemical identity established at the source, 
and each following a rigid mafic to silicic order of 
evolution and intrusion paralleling that of crystalli- 
zation, argues best for a model involving a high degree 
of partial melting followed by progressive fractionation. 
The separation of the melt is envisaged as only occur- 
ring as a voluminous batch, and as this rises into cooler 
zones, side-wall crystallization in its upper reaches 
results in differentiation and a gravity instability which 
can only be redressed by the upwelling of the underly- 
ing, less dense and more evolved magma (cf. Ramberg, 
1981, p. 321). 

Our recent finding that, in Peru, compositionally 
similar batches of magma can be produced at different 
times in separated igneous complexes is not perhaps 
remarkable. What is, however, is the possibility, still to 
be confirmed, that a whole sequence of distinctive melt 
batches may be virtually copied elsewhere even though 
staggered in time —the discussion in Chapter 16 of this 
volume of the age-differences between like rock-units in 
the Huaura and Casma sectors of the Coastal Batholith 
is the case in point. 

The time required for the generation, emplacement 
and solidification of granitoids belonging to the same 
intrusive suite is not yet resolved but can only be a few 
millions of years at most (Bateman, 1983, p. 250). The 
process is locally episodic but in a collective, regional 
sense it is continuous, as is well shown by the Coastal 
Batholith of Peru. 

Continuing with these final reflections the expla- 
nation of the relationship of voluminous granite and 
continental crust, especially when there is no question of 
the former being derived from old crust, may lie in the 
production of the especially thick welts of new mafic 
crust during the extensional phase of an Andean 
tectono-magmatic cycle, new crust which would pro- 
vide not only an ample potential reservoir for the 
subsequent generation of the granitoids but a longer 
supply route promoting differentiation. It may be that 
the formation of a new crustal underplate in this way is a 
necessary prerequisite to the production of the tonalite- 
dominant, Andean type of batholith. 


Intrusion-related metallogeny 


The Andes provide examples of an exceptionally 
wide range of ore deposits (Petersen, 1979) of which the 
most important type in the igneous context is the Fe- 
Cu-Au-Ag-Mo-(W) mineralization associated with 
magnetite-bearing I-type granitoids involved in ‘prin- 
cipal arcs’ (Sillitoe, 1981). In point of fact the Coastal 


Batholith proper is not the principal site for this 
mineralization in Peru, which is the belt of high- 
level stocks of Tertiary age intruding the faulted, 
plateau-volcanic sequences on the eastern flank of the 
batholith; stocks which are most clearly of hypabyssal 
character, showing crystal corrosion and fracture in- 
dicative of the entrainment and upward transport of 
crystals in a micromonzonitic medium which may well 
have been the carrier of the metals. 

Another important site for mineralization is provided 
by the Mesozoic volcanic rocks and gabbros of the 
marginal basin where the stratabound ore deposits have 
been formed by a combination of original exhalative 
processes involving sea-water brines (Ripley and 
Ohmoto, 1979) and superposed burial metamorphism, 
possibly involving heat introduced by the gabbros. 

Concerning the hydrothermal deposits associated 
with the batholithic intrusions in Peru, and leaving 
aside the obvious importance of local controls, we are 
uncertain how far specific metal associations are at- 
tached to particular igneous rock suites, and even more 
so of the ultimate source of the metals—though the 
evidence is strong for derivation from an isotopically 
homogeneous reservoir. There is no doubt however of 
the contrast in degree of mineralization between seg- 
ments of the Coastal Batholith, within the same linea- 
ment and at the same crustal level, and there is the 
rather unexpected finding that it is the Lima segment, 
with relatively the most evolved rock suites, that is 
poorest in ore minerals. This difference does, however, 
seem to correlate with an original compositional differ- 
ence in the country rocks, and whatever the ultimate 
source of the metals it may be that the batholithic 
intrusions simply scavenged those already present in 
their volcanic host, the efficacy of leaching perhaps 
being dependent on the relative abundance of salini- 
ferous sediments. Whatever the explanation, it was 
within the most mineralized segments that the con- 
tinuous recycling process involved in the successive 
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production of magma sequences resulted in an extreme 
concentration of metals represented by the late-stage 
porphyry-Cu deposits. 


The special features of cordilleran 
I-type granitoids 


Ona final note, and ranging much farther afield than 
the Americas, we reiterate that the most characteristic 
rocks of cordilleran batholiths are high-calcium, re- 
latively low-potassium, magnetite-bearing tonalites 
and granodiorites that can be variously designated M 
or I-types (Pitcher, 1982), and which were derived 
ultimately from an enriched mantle source and in a 
subduction regime. We believe that a firm distinction 
should be made between these Andean I-types and 
some others so designated, but which are significantly 
poorer in calcium and richer in potassium at the same 
level of SiO, content, and which were derived from a 
mixed source in a post-subduction regime. The latter 
are also more silicic in overall composition, with true 
granites predominating. The contrast between the 
granitoids of the Western Cordillera and the granites of 
the Eastern Cordillera of Peru is relevant in this respect. 
The end-Caledonian granites of the British Isles and of 
south-eastern Australia represent other cases and we 
urge caution in interpreting this type of post-closure, 
short-lived, uplift-related and geographically widely 
dispersed I-type plutonism in terms ofan Andean plate- 
margin context. One vital distinction might be the age 
of these source rocks, whether they represent old 
metabasites or new mafic crust in relation to the 
magmas generated from them, and whether or not they 
belong to the same subduction-related cycle. However 
to decide on this and other suggestions made in this 
book requires that the researches continue, implying 
that all that is reported above must be regarded as an 
interim report! 
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Appendix 1(a): Coastal Batholith: Trujillo 


and Arequipa segments 


Analyses by L. M. Sanderson (XRF), except Cs, Hf, Ta, U and Th (where starred*) by M.S. Brotherton (INAA). 
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1. Trujillo segment 


Senial Blanca Super-unit 


Santa Chicama 

73 7.4 as 7.6 7.100 7.101 7.102 rae! 7.10 
SiO, 64.83 67.02 69.35 71.36 60.00 75.52 70.95 73.32 73.84 
TiO, 0.64 0.58 0.46 0.41 0.79 0.29 0.47 0.24 0.21 
Al, O, 15.64 15.39 15.28 14.98 17.15 13.81 15:35 13.89 13.50 
Fe,O, 1.88 2.11 Lk? 1.71 3.20 0.04 1.34 0.71 0.68 
FeO 3.03 2.87 1.67 0.89 3.42 1.01 1.31 0.87 0.89 
MnO 0.09 0.09 0.06 0.07 0.11 0.04 0.09 0.04 0.05 
MgO 2.58 2.33 1.74 1.05 2.82 0.61 1.02 0.63 0.68 
CaO 4.18 3.89 2:37 1.75 6.31 2.29 2.21 1.37 1.09 
Na,O 2.99 2.93 3.88 4.26 2.86 3.44 4.09 3.66 3.85 
K,O 3.03 3.36 3.63 3.81 2.06 1:73 3.57 4.67 4.50 
H,O 
P.O, 0.09 0.08 0.08 0.08 0.25 0.10 0.09 0.09 0.08 
co, 
Total 98.98 100.65 99.69 100.37 98.97 98.88 100.49 99.49 99.37 
Ba 729 796 831 785 587 1285 790 586 578 
Ce 36 33 48 50 53 29 47 52 64 
Co 13 12 7 4 14 6 5 5 5 
Cr 7 8 2 < 9 4 < 6 + 
Cs 5 2 
Hf 7 6 
La 15 13 24 25 24 14 24 26 32 
Nd 14 17 21 30 31 10 24 29 30 
Ni 7 9 6 5 10 4 2 dh 8 
Pb 28 22 14 21 16 7 21 19 16 
Rb 118 122 139 149 89 43 144 182 169 
Sc 14 15 7 5 23 4 5 4 3 
Sr 314 314 255 160 517 378 209 122 83 
Ta 0.6 0.5 
Th 13* 14* 19 19 23 12 28 29 23 
U 4 4 
Vv 116 107 60 29 178 20 39 16 11 
Y 26 21 19 34 25 43 29 29 34 
Zn 75 61 28 42 66 20 33 22 30 
Zr 214 193 188 225 165 75 214 143 147 
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2. Arequipa segment 


(a) Pampahuasi Super-unit | (b) Linga Super-unit 


— Yauca  ——__— Pisco ——— —~ Arequipa — = 

7.76 ND13 ND20 7.56 7.42 7.43 7.44 7.43 7.78 7.88 7.90 7.91 7,92 1.93: 
SiO, 60.24 58.24 61.06 59.08 55.63 57.83 65.08 55.88 63.82 60.12 66.19 51.03 68.58 66.78 
TiO, 0.74 0.92 0.68 0.64 0.83 1.21 0.62 0.93 0.89 0.71 0.61 0.72 0.65 0.66 
ALO, 16.88 17.54 17.48 17.08 16.06 16.61 15.97 15.85 15.19 16.44 15.52 19.69 14.72 15.20 
Fe,O, 2.60 2.85 2.31 2.37 3.27 4.67 2.12 3.03 3:49 2.82 1,73 3.05 1.46 1.81 
FeO 4.70 5.48 4.99 4.98 3.99 3.09 3:27 6.08 2.59 4.07 2.59 6.12 1.95 2:71 
MnO 0.14 0.14 0.15 0.15 0.11 0.13 0.08 0.12 0.06 0.15 0.08 0.14 0.09 0.10 
MgO 3.03 3.50 2.95 272 6.12 2.99 2.04 4.09 2.11 3.52 1.77 5.85 1.12 1.80 
CaO 5.15 6.24 5.47 5.70 7.01 4.25 3.59 6.82 3.41 5.53 i 8.82 2.15 3.02 
Na,O 3.03 3.30 3.48 3.07 3.57 4.27 3.39 3.26 3.38 2.70 2.82 3.18 3.15 2.99 
K,O 2.40 1.60 1.74 2.64 2.04 3.69 3.33 Lid 4:33 2.52 4:42 1.11 5.83 5.14 
H,O 
P.O, 0.13 0.18 0.10 0.17 0.11 0.32 0.08 0.20 0.11 0.21 0.14 0.23 0.09 0.09 
co, 
Total 99.04 99.99 100.41 98.60 98.74 99.06 99.57 98.05 99.38 98.79 98.98 99.94 99.79 100.30 
Ba 911 586 838 1007 702 952 1087 809 887 663 665 421 466 647 
Ce 48 45 40 66 44 90 51 45 74 40 52 35 64 62 
Co 19 19 14 16 9 16 14 25 14 18 12 29 8 13 
Cr ff 16 8 15 8 5 3 6 4 ¢ 2 42 1 1 
Cs 6 2.1 0.2 1.3 1.6 PRS 38 4 19 29 
Hf 3 12 4 4 10 3 8 2 14 11 
La 21 17 18 31 19 40 26 17 35 15 27 13 32 29 
Nd 30 27 28 37 27 61 28 30 42 20 28 24 37 35 
Ni 3 7 3 3 14 9 7 12 12 9 10 26 10 13 
Pb 14 11 14 17 24 19 51 8 45 16 22 16 29 30 
Rb 108 62 83 118 119 116 100 95 80 82 261 31 293 281 
Sc 22 20 17 20 11 19 17 20 17 20 11 30 7 10 
Sr 393 425 359 517 803 431 240 610 393 427 282 662 158 231 
Ta 0.5 0.7 0.1 0.2 0.6 0.4 0.7 0.2 1.1 0.9 
Th 19 7 8 20* 12 23% 10* OF are 8* ou 6* 42" 60* 
U 3 6 S) 3 4 2 9 2 10 13 
Vv 155 178 138 142 85 175 108 195 108 162 86 281 61 95 
Y 34 33 34 26 28 36 30 29 28 22 23 21 26 26 
Zn 67 78 74 62 87 70 18 28 16 83 59 160 73 59 
Zr 222 157 186 137 141 439 261 131 348 87 277 47 454 341 


(c) Incahuasi Super-unit 


—— Pisco Yauca es whee a 

7.49 TIS 7.54 7.50 ND4 ND5 ND7 ND11 ND12 
SiO, 57.24 60.10 57.85 61.54 63.95 62.39 70.14 60.23 60.15 
TiO, 0.88 0.74 0.65 0.59 0.64 0.71 0.44 0.80 0.85 
Al,O, 17.96 16.80 17.82 16.65 16.59 16.78 15.57 17.09 16.64 
Fe,O, 2.43 2.36 1.84 2.18 217 2.25 1.74 2.46 2.39 
FeO 5.47 4.41 5.30 4.23 3.43 3.60 1.22 4.30 4.43 
MnO 0.18 0.12 0.15 0.13 0.11 0.10 0.05 0.14 0.13 
MgO 3.82 3.02 3.99 2.38 2.47 2.50 1.37 3.08 3.00 
CaO 5.66 5.00 6.99 5.19 4.49 4.86 2.54 5.53 5.01 
Na,O = 3.36 3.34 2.53 2.71 5.53 3.50 3.47 3.65 3.11 
K,O 1.78 2.82 1,55 2.70 3.38 3.26 4.17 2.78 3.34 
P.O. 0.20 0.11 0.18 0.20 0.14 0.12 0.08 0.16 0.16 


Total 98.98 98.82 98.85 98.50 100.90 100.07 100.79 100.22 99.21 


Ba 767 531 415 824 956 955 1102 834 797 


Ce 47 57 oT 50 45 39 41 49 54 
Co 17 18 20 16 13 16 7 18 15 
Cr 13 18 27 < 9) 10 8 10 8 
La 18 24 14 26 27 20 19 24 23 
Nd 23 27 21 28 30 26 26 29 33 
Ni 9 12 7 6 9 9 6 13 9 
Pb 12 15 12 17 15 17 12 18 19 
Rb 71 139 58 117 151 117 178 120 167 
Sc 20 18 29 18 12 12 5 14 16 
Sr 408 410 471 484 532 535 423 576 428 
Th 7 17 6 18 19 17 24 14 20 
Vv 180 151 214 121 120 133 52 148 155 
Y 35 20 30 22 15 16 13 19 24 
Zn 82 65 98 74 65 53 18 79 83 
Zi 154 197 112 213 197 206 163 210 221 
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(d) Tiabaya Super-unit 


-_eo eee 


Pisco Ica Yauca Arequipa 

7.48 7.46 7.45 ND2 ND18 7.51 s00 752 7.57 
SiO, 65.78 65.57 69.25 65.36 68.03 65.54 66.68 67.88 66.66 
TiO, 0.51 0.41 0.30 0.52 0.44 0.43 0.42 0.39 0.38 
ALO, 17.01 16.33 16.10 17.07 15.82 15:95 17.48 15.66 15.80 
Fe,O, 2.34 1.81 1.67 1.81 1.24 1.85 2.06 1.55 1.55 
FeO 1.81 2.34 2.01 2.62 1.97 2.60 2.14 2.31 2.37 
MnO 0.10 0.09 0.13 0.12 0.08 0.11 0.14 0.11 0.11 
MgO 1.99 1.89 1.05 1.90 1.20 Zaid 1.39 1.64 1.59 
CaO 4.61 4.19 3.86 4.73 3.57 4.83 5.03 3.97 4.18 
Na,O 3.87 3.64 3.56 4.04 3.82 2.79 3.60 2.70 2.86 
K,O 2.52 2.47 2.86 2.34 3.04 2.24 1.14 3.00 3.29 
H,O 
P.O, 0.11 0.08 0.09 0.12 0.07 0.15 0.09 0.08 0.14 
co, 
Total 100.65 98.82 100.88 100.63 99.28 98.60 100.17 99.34 98.93 
Ba 1148 824 782 635 645 393 781 
Ce 39 36 39 33 46 54 48 55 47 
Co 6 11 11 11 8 12 8 7 10 
Cr 5 6 8 11 8 4 10 
Cs 3 2 i) 
Hf 3 3 3 
La 15 18 20 13 22 29 22 32 28 
Nd 20 16 19 13 22 21 24 25 18 
Ni 11 9 5 22 24 8 9 9 11 
Pb 16 17 14 12 15 12 11 19 14 
Rb 46 69 75 64 98 56 43 100 146 
Sc 6 12 11 12 6 15 9 11 11 
Sr 499 484 463 524 490 582 519 371 447 
Ta 0.2 0.4 0.6 
Th 5* 9* g* 9 14 15 5 29 22 
U 1 2 2 
Vv 97 86 89 80 71 96 54 93 85 
¥ 15 12 12 17 9 17 20 15 11 
Zn 62 43 65 54 41 54 68 54 44 
Zr 114 88 86 96 87 89 86 103 84 
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Appendix 1(b): Coastal Batholith: Lima segment 


XRF analyses by L. M. Sanderson, W. J. McCourt, R. G. Pritchard, W. G. Davies, J. Halson, P. J. Martin, D. I. Hartley, M. Hand, C. S. Tate, 


J. R. Howard, D. R. Hilton and J. R. Woods. Cs, Hf, Ta, U and Th (where starred*) by M. S. Brotherton (INAA). 


(a) Paccho Super-unit 


AS A6l A110 Alll A122 A129 A38 A62 A6 7.66 7.36 A7 
SiO, 60.00 60.50 67.10 62.80 61.81 61.63 57.68 57.47 59.93 59.96 53.36 60.15 
TiO, 0.62 0.72 0.50 0.68 0.59 0.68 0.64 0.97 0.72 0.61 0.65 0.64 
Al,O 16.20 16.08 15.10 15.45 16.35 16.99 16.65 17.16 17.86 16.49 18:55: 16.35 
Fe,O 2.26 1.27 1.03 1.44 2.38 1.39 6.67 2.57 2.47 2.26 2.25 2.10 
FeO 4.03 4.58 2.54 4.00 3.45 3.82 5.79 4.13 $.25 5.18 4.46 
MnO 0.14 0.07 0.09 0.09 0.12 0.08 0.12 0.12 0.12 0.11 0.14 0.14 
MgO 3.14 2.86 1.00 2.44 2.42 2.50 3.53 2.87 3.07 3.07 6.60 2.92 
CaO 5.91 4.72 2.92 5:15 5.81 6.00 6.32 6.29 5.66 5.14 8.61 ov 
Na,O 3.96 3.80 4.60 3.74 3.48 3:57 2.97 3.49 3.28 3.29 2.46 3.22 
K,O 1.58 2:79 5:57 1,94 be 1.64 1.83 2.17 2.18 2.15 0.20 1.92 
H,O 
P.O, 0.14 0.14 0.10 0.21 0.14 0.14 0.28 0.11 0.09 0.09 0.11 
Total 97.98 97.53 98.55 97.94 99.26 98.44 96.41 99.18 99.53 96.42 98.29 97.62 
Ba 945 716 731 516 784 621 667 368 250 
Ce 34 34 47 4] 42 19 50 34 33 26 8 
Co 20 19 18 17 31 32 
Cr 14 13 26 25 105 82 
Cs 
Hf 
La 15 27 16 11 12 0 
Nd 9 13 19 16 17 15 13 23 23 18 16 10 
Ni 15 303 
Pb 12 15 16 12 11 
Rb 51 92 137 90 93 35 61 71 83 71 18 2 
Sc 17 13 18 21 32 28 23 34 32 
Sr 398 341 246 356 413 454 397 493 398 362 410 429 
Ta 
Th 8* 6* 4 10 L1* 3 0 
U 2.3 2:5 3.1 
Vv 172 170 161 149 162 454 
Y 27 26 37 29 32 17 18 27 25 22 13} 13 
Zn 78 51 78 73 93 87 72 63 109 
Zr 82 206 213 230 137 166 100 160 188 95 61 29 
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(b) Santa Rosa Super-unit 
Huaura 


A184 7123 A90 A8&9 7.71 A95 7.59 A94 A8* A92 G65 G318 G319 G309 G661 
SiO, 58.92 53.53 64.06 66.16 65.60 69.54 77.21 76.79 63.60 60.56 67.24 65.52 61.87 63.68 55.54 
TiO, 0.87 0.99 0.52 0.51 0.51 0.36 0.14 0.16 0.41 0.61 0.37 0.40 0.56 0.55 1.08 
Al,O, 16.64 16.25 15.90 15.77 15.87 14.88 13.26 12.85 16.85 16.32 15.45 16.40 17.44 17:13 17.90 
FeO. 1.48 2.94 2.47 1.73 2.45 1.23 0.22 0.27 4.58 5.52 1.71 1.87 2.15 2.05 1.85 
FeO 5:65 5.69 2.78 3:97 2.56 1.59 0.28 0.47 1.77 1.85 2.57 2.02 4.78 
MnO 0.15 0.18 0.10 0.12 0.13 0.07 0.03 0.04 0.11 0.12 0.08 0.10 0.11 0.09 0.13 
MgO 2.80 3.07 2.06 1,79 2.01 1.24 0.33 0.23 1.37 2.29 1.70 1.83 2.23 2.29 3.27 
CaO 6.64 6.22 4.89 4.44 4.27 2.89 0.95 1.02 3.99 5.19 4.02 4.79 5.91 4.95 6.79 
Na,O 3.08 3.09 3.46 3.63 3.48 3.73 3.59 3.54 R77 3.56 3.54 3.57 3.68 3.70 3.37 
K,O 1.67 1.57 2.35 2.07 2.21 3.29 4.76 4.39 2.86 2.48 2.68 2.30 2.10 2.18 2.34 
H,O 
P.O, 0.22 0.16 0.10 0.09 0.11 0.05 0.03 0.02 0.15 0.16 0.19 0.18 0.31 
co, 
Total 98.12 98.69 98.69 99.58 99.20 98.87 100.80 99.78 97.54 96.65 98.71 98.79 98.81 98.82 97.36 
Ba 822 723 978 1000 941 901 168 536 1005 1116 1010 1207 1147 1103 809 
Ce 35 38 28 39 41 31 32 28 29 28 27 16 21 20 38 
Co 20 19 11 9 12 7 2 2 9 13 10 10 13 11 20 
Cr 10 15 9 9 8 6 3 4 12 7 15 5 5 11 26 
Cs 
Hf 
La 19 12 15 20 17 14 20 15 18 13 17 1] 12 14 13 
Nd 27 19 18 24 22 17 19 15 14 20 18 14 18 14 28 
Ni < 8 18 21 11 23 16 27 8 5 4 3 2 4 9 
Pb 19 24 li 13 14 14 23 25 18 16 14 13 13 10 16 
Rb 55 59 64 70 90 99 193 172 76 62 69 58 47 59 79 
Sc 28 27 14 12 11 7 < 2 9 11 13 Bt 16 10 26 
Sr 318 428 438 396 331 306 38 80 574 540 364 490 510 554 447 
Ta 
Th 7 11 7 8 11* 12 43 27 11* 7* 10* 5 4 6 6 
U 2.0 2.8 1:7 2:5 
Vv 151 181 94 76 77 47 8 10 58 119 73 74 107 75 169 
Y 42 23 19 14 15 14 14 12 16 27 17 12 22 12 32 
Zn 75 91 64 58 52 40 37 17 58 56 45 54 52 50 86 
Zr 158 129 138 126 133 113 84 72 164 100 143 103 114 153 194 
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(c) Puscao Super-unit 


A27 A51 AS4 A57 A103 : 7.28 P57 7.68 7.37 P23 P16 G536 — A60 G525 Gl 


Al43 7.67 P3W P21S 
SiO, 74.32 73.29 76.80 77.37 68.34 66.89 70.71 67.99 77.26 71.35 7241 61.25 69.78 68.33 64.76 66.54 50.80 73.78 73. 
TiO, 0.20 0.24 0.10 0.09 0.38 0.54 0.35 0.52 0.11 0.32 0.34 0.63 0.40 0.40 0.49 0.52 0.88 0.18 0. 
Al,O, 13.26 13.54 12.16 12.23 14.94 15,03 14.14 16.10 12.17 14.32 14.53 16.36 14.68 15.46 15.95 15.75 19.46 13.53 i. 
Fe,O, 0.95 0.67 0.90 0.81 1.62 1.55 1.49 0.89 0.93 2.00 0.31 2.84 LT 1.66 1.74 2.16 3.03 1 iF 
FeO 0.71 1.28 0.21 0.20 1.54 2.49 LAS 3.16 0.85 0.65 1.81 3.63 1.80 1.63 2.81 2.25 5.15 0.75 0. 
MnO 0.04 0.05 0.03 0.03 0.06 0.08 0.06 0.10 0.02 0.09 0.07 0.16 0.08 0.08 0.10 0.08 0.16 0.06 0. 
MgO 0.47 0.70 0.13 0.15 1.59 1.70 1.30 1.83 0.17 0.97 0.86 2.77 Ll? 1.50 2.05 1,57 4.52 0.43 0. 
CaO 1.70 1.95 0.51 0.64 3.41 3.84 2.97 3.69 0.82 2.26 2:32. 6.24 3.08 3.86 4.90 5.62 9.67 2.02 I 
Na,O 3755 3.87 3.43 4.23 3.73 3.50 3.90 3.48 4.13 3:7) 3.94 5.57 3.85 3.91 3.50 4.25 3.43 3.62 3: 
K,O 4.10 3.49 5.39 3.95 2.81 2.51 2.61 2.41 4.07 3.13 2.24 1.93 2.87 1.94 2.14 0.16 1.13 3.26 4. 
H,O 
P.O; 0.04 0.06 0.01 0.01 0.14 0.16 0.13 0.08 0.02 0.06 0.04 0.23 0.14 0.15 0.15 0.18 0.22 0.04 0. 
co, 
Total 99.34 99.14 99.67 99.71 98.56 98.29 98.81 100.25 100.55 98.86 98.87 99.61 99.62 98.92 98.59 99.08 98.45 98.84 98.¢ 
Ba 966 1021 261 85 905 596 1399 660 193 995 768 737 949 1057 810 264 517 1506 1165 
Ce 21 26 50 34 30 30 16 28 37 30 21 33 35 28 18 32 12 17 19 
Co 4 5 4 g 7 13 8 7 < 5 5 14 15 9 28 4 4 
Cr 2 i) 4 5 12 7 6 10 < 3 < 170 120 4 77 1] 10 
Cs 
Hf 
La 14 15 34 20 17 17 8 12 21 11 1] 19 13 17 5 13 14 
Nd 7 12 20 14 17 16 8 15 17 12 12 16 17 18 12 29 14 13 4 
Ni 4 5 3 3 7 2 4 6 4 5 2 6 7 < 6 3 4 
Pb 11 1] 16 17 9 12 10 15 19 31 14 9 8 9 8 12 11 
Rb 145 111 244 158 80 72 70 75 157 122 75 50 90 SF 70 < 33 105 148 
Sc 1 4 2 1 7 9 5 12 2 6 4 19 10 18 18 40 4 2 
Sr 157 202 36 23 314 299 320 289 29 238 217 403 306 372 381 307 528 159 163 
Ta 
Th 16 16 37 29 5 8 4 13 27 11 8 7 5 6 2 16 14 
U 
Vv 20 29 8 6 58 83 49 76 8 39 35 65 107 50 255 17 20 
¥ 13 13 14 14 14 15 9 15 13 14 10 20 17 13 18 43 18 16 11 
Zn 17 39 15 19 33 56 28 52 18 86 35 37 45 38 84 21 16 


(d) La Mina Super-unit 


(e) San Jerénimo Super-unit 


Al06 = 7.125 A59 A97 A107 A96 A98 7.29 A152 A105 A84 7.120 7.119 7.116 A83 A86 A158 
fe eee ia aie 

SiO, 61.79 60.53 66.89 68.66 57.84 59.19 66.00} 71.49 70,28 72.79 70.86 IAS 75.29 69.95 71.54 74.63 63.45 
TiO, 0.69 0.76 0.57 0.43 0.80 0.73 0.47 0.33 0.33 0.29 0.33 0.32 0.21 0.32 0.27 0.19 0.68 
ALO, 16.29 16.66 15.99 15.03 17.52 18.75 14.60] 14.85 13.46 13.39 14.28 14.65 13.49 14.67 14.23 12.94 15.66 
Fe,O, 1.77 2.91 1.91 1.47 2.17 6.88 1.65 1.24 0.66 1.01 0.77 1.70 0.89 1.19 1.35 1.01 2.21 
FeO 3.49 3,32 2.11 2.49 4.24 3.46 | 1.38 1.87 1.3] 1353 0.76 0.36 L53 0.96 0.93 2.69 
MnO 0.08 0.12 0.09 0.07 0.14 0.13 0.09 0.11 0.03 0.06 0.05 0.07 0.03 0.06 0.05 0.05 0.10 
MgO 2.67 2.88 1.66 1.21 2.48 2.65 1.27 0.79 0.78 0.78 0.81 0.90 0.60 ey! 0.67 0.27 1.79 
CaO 5.38 4.80 3.03 3.00 5.12 6.18 2.91 1.89 2.10 1.83 2.09 2.11 1.20 2.83 2.16 0.85 3.87 
Na,O 3.92 3.40 SriT 3.19 4.24 0.51 3.49 3.53 4.22 4.05 4.67 4.10 3.94 3.62 4.28 3.76 4.14 
K,O 2.47 2.76 3.85 4.17 2.62 2.20 3.99 3.34 3.20 5.51 3.33 3:35 4.62 3.28 3.41 4.57 3.16 
H,O 

P.O, 0.11 0.13 0.08 0.07 0.28 0.22 0.10 0.06 0.09 0.04 0.06 0.04 0.03 0.08 0.09 0.05 0.26 
CO, 
Total 98.66 98.27 99.95 99.79 97.45 97.44 98.03) 99.01 97.02 99.06 98.78 100.15 100.66 98.64 99.01 99.25 98.01 
Ba 778 797 929 828 1057 603 803 994 1147 1133 1137 1039 948 1075 868 864 
Ce 36 44 47 37 41 29 46 49 28 26 24 31 25 24 30 38 52 
er) 12 16 10 8 16 15 5 6 7 6 a 7 8 5 14 

or 18 22 6 8 7 5 < 9 9 3 6 3 3 11 12 

Os 

Hf 

aa 14 15 26 18 19 17 28 17 14 1] 10 9 13 17 23 
Nd 16 29 25 24 27 21 21 20 7 12 15 15 16 11 14 19 31 

Ni 12 17 18 8 4 < 3 7 7 6 7 8 5 4 4 

»-b 9 16 14 12 18 14 21 15 13 19 14 11 14 19 20 

Rb 92 102 159 148 71 61 139 140 120 125 110 117 150 74 ity 188 125 

sc L? Pal 12 12 17 21 7 8 3 5 5 4 6 4 3 16 

r 456 371 203 218 342 409 209 180 223 168 211 205 91 295 195 Te 237 

a 

‘h 13 12 24 17 5* 6 21 11 8 8 21* 7 11 18 15 

J Pa 4.1 

g 114 138 71 72 130 145 25 23 28 30 12 40 30 10 90 

i 26 28 26 29 32 29 25 28 18 My 14 19 24 7 i 24 34 

n 54 95 61 oT 84 75 74 ay 67 33 63 38 24 40 41 49 

5 06 
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(f) Late Granite Plutons 


a 


Sayan Caiias Pativilca Pariocoto 

Al72x B5 7.69 A2l A150 A79 A81 A82 A80 A50 7.30 
SiO, 72.94 74.00 72.82 72.30 74.10 69.96 76.90 75.58 75.41 73.85 73.39 
TiO; 0.10 0.20 0.30 0.29 0.20 0.42 0.19 0.22 0.20 0.21 0.24 
ALO, 13.53 13.68 13.30 13:79 13.90 14.96 13:21 13.35 13:27 13.51 14.24 
Fe,O, 1.63 0.44 Lit 0.87 0.47 1.03 0.38 0.90 0.51 0.53 0.41 
FeO 0.38 0.79 1.00 0.52 2.00 0.77 0.43 0.86 1.03 1.24 
MnO 0.06 0.08 0.06 0.06 0.03 0.08 0.07 0.05 0.04 0.05 0.05 
MgO 0.63 0.31 0.90 0.57 0.67 1.09 0.36 0.69 0.59 0.37 0.72 
CaO 1.80 1.67 2.05 2.18 2.00 2.90 0.95 1.41 1.40 0.97 1.63 
Na,O 3.81 4.00 3.73 3.50 3.90 3.77 3.63 3.96 3.94 3.89 4.07 
K,O 3.61 4.00 3.38 3.54 4.03 3.22 4.19 3.90 3.91 4.08 3.56 
H,O 
P.O, 0.00 0.06 0.04 0.06 0.09 0.08 0.03 0.03 0.04 0.09 0.04 
co, 
Total 98.11 98.82 98.48 98.16 99.91 99.50 100.58 100.52 100.17 98.58 99.59 
Ba 1251 976 970 868 595 905 806 661 
Ce 25 30 21 yo 34 41 43 34 
Co 5 5 3 Ps 3 
Cr 14 4 3 16 3 
Cs 
Hf 
La 17 1] 14 17 20 
Nd 10 14 5 10 15 17 18 16 
Ni 9 15 14 11 6 
Pb It 12 12 12 18 
Rb 103 123 110 110 125 108 148 144 143 133 171 
Sc 6 6 5 12 5 5 4 
Sr 201 202 236 208 200 218 98 104 82 90 125 
Ta 
Th 5* I5* 16 16 20* 17 
U 1.2 4.8 7 
Vv 26 31 18 12 18 
¥ 7 1] 13 15 11 18 20 21 19 a1 . 24 
Zn 20 34 24 82 83 24 17 81 15 
Zr 93 100 105 96 98 148 104 85 87 149 97 
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Appendix 2: Calipuy Group 


XRF analyses by V. Warden, L. M. Sanderson, W. J. McCourt, D. R. Hilton, J. R. Woods, J. Threlfall, J. R. Howard, W. G. Davies and J: 
Halson. Cs, Hf, Ta, U and Th (where starred*) by M. S. Brotherton (INAA). 


Traverses 
(a) Paccho 
Vil V2 V3 V4 V188a V188b V188c V188d V189 V190 V191 V193 

SiO, 55.50 54.66 55.07 62.46 62.51 62.83 60.22 60.73 54.18 64.44 59.21 57.06 
TiO, 1.02 0.99 0.99 0.67 0.93 0.86 0.97 0.93 Ly 0.70 1.14 L.07 
ALO, 20.30 17.98 17.98 16.32 17.46 15.42 17.88 17.79 18.18 14.99 16.64 17.03 
Fe, O, 4.81 3.81 3.21 2.06 1.87 4.66 3.02 2.76 Bi LS 4,54 5.86 4.47 
FeO 1.66 3.78 4.38 3.97 2.55 0.99 2.88 3.08 4.40 1.75 1.10 3.07 
MnO 0.11 0.12 0.10 0.14 0.10 0.00 0.12 0.17 0.12 0.08 0.05 0.13 
MgO 1.36 4.37 4.01 1.35 1.52 0.53 1 1.32 3.53) 1.38 1.00 22 
CaO 5.04 6.20 6.55 1.61 3.04 3.34 5.44 6.27 6.47 1.96 3.98 4.94 
Na,O 4.77 2.91 2.82 5.60 5.54 4.73 3.41 2.94 3.46 4.3] 6.34 3.83 
K,O 3.13 2.10 1.79 2.68 1.88 3.45 277 2.51 1.91 3.38 1.22 1.99 
H,O 1.30 1.66 2.14 1.63 1.66 1.11 1.48 1.04 
P,O, 0.31 0.20 0.21 0.27 0.32 0.28 0.31 0.31 0.24 0.16 0.25 0.30 
co, 0.07 0.71 0.00 0.17 0.00 1.17 0.14 0.00 
Total 99.38 99.49 99.25 98.93 99.38 99.37 99.81 99.85 96.81 97.69 96.79 96.61 
Ba 239 648 558 1106 640 871 726 727 569 1068 323 1338 
Ce 67 44 50 60 54 70 71 77 54 72 50 48 
Co bey 20 20 11 10 13 12 12 20 15 1] 19 
Cr 2 39 37 < 12 11 12 13 50 33 55 23 
Cu 247 197 302 223 289 233 152 138 132 
Ga 20 17 18 20 20 20 20 18 19 
Hf ] 4 2 4 < 2 5 2 
La 33 20 14 23 24 25 35 35 24 33 Le? 23 
Nb 14 13 13 14 12 1] 12 11 11 
Nd 45 31 30 
Ni 1 2 1 Zz < < < ] 3 4 < < 
Pb 20 iy 13 18 25 60 18 35 14 14 i 14 
Rb 86 46 44 58 66 99 83 76 45 120 26 34 
Sc 13 23 23 
Sr 427 385 386 232 393 273 477 440 437 221 393 457 
Ta 2 < a) 1 ra < 1 < 5 
Th 4 4 6 12 10 6 12 10 10 12 11 4 
U l 2 3 3 3 2 2 1 ] 
Vv 141 213 209 17 102 95 125 129 211 89 184 185 
¥ 35 25 26 53 35 36 38 39 30 39 28 27 
Zn 110 112 99 114 255 163 16] 143 1T3' 89 36 96 
Ze 271 132 161 289 277 257 288 282 209 326 203 191 
ee ee eae ee eae ere near a i ee eer Tae 
(b) Paccho 
ea ee, 

Pi P3 P4 P5 P9 P10 P18 P25 P34 P35 P36 P82 P91 P97 
SiO, 57.18 59.42 58.68 46.20 56.67 67.83 65.99 47.70 52.37 50.36 52.42 69.85 70.04 68.40 
TiO, 0.91 0.89 0.97 1.08 1.08 0.51 0.50 1.11 1.21 1.00 1.24 0.34 0.30 0.44 
Al,O, 18.04 18.01 18.48 20.10 18.71 14.86 16.15 19.73 19.91 18.03 19.79 14.34 14.32 14.98 
Fe; O,; 3.34 2.78 4.42 7.00 3:57 2.80 4.67 5.57 a.17 4.66 4.20 1.19 1.08 1.40 
FeO 3.86 3.68 1.69 2.76 4.20 1.66 1.00 3.60 4.37 5.11 3.62 1.79 1.78 2.33) 
MnO 0.19 0.08 0.09 0.14 0.09 0.07 0.10 0.25 0.11 0.18 0.10 0.09 0.07 0.11 
MgO 2.91 1.68 1.19 2.49 1.31 | 1.16 4.84 i | 5.39 2.66 0.98 1.12 1.28 
CaO 3.59 3.51 4.81 9.70 6.78 1.86 2.35 7.04 Lot 6.05 Tad: 2.43 2.50 3.37 
Na,O 5.28 4.31 4.62 4.46 3.14 6.16 2.92 5.66 3.56 4.51 3.59 3.79 3.80 3.74 
K,O L77 3.08 2.78 2.76 LZ 1.35 SAd 1.03 1.55 1.00 1.54 3.53 3.50 ew 
H,O 
P.O, 0.32 0.31 0.29 0.33 0.25 0.18 0.15 0.28 0.38 0.33 0.36 0.08 0.08 0.10 
co, 
Total 97.39 97.75. 98.02 97.02 97.51 98.39 98.76 = «96.81 «97.11 :96.62 97.24 = 98.41 «98,59 


99.42 


Contd. 
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Pl P3 P4 PS P9 P10 P18 P25 P34 P35 P36 P82 P91 P97 

Ba 902 958 1152 406 540 520 553 591 629 454 692 766 1410 661 
Ce 61 64 52 40 32 74 85 40 37 41 47 68 47 38 
Co 15 13 11 23 21 7 6 25 21 26 20 < 5 3 
Cr 2 2 6 < 31 1 2 z 14 22 17 21 15 13 
Cu 
Ga 
Hf 7.2" 5:0" 
La oF 32 | 31 22 33 46 16 23 12 20 30 33 32 
Nb 
Nd 39 39 43 26 28 41 45 23 27 22 26 25 29 28 
Ni 7 1 5 < 4 < 5 3 8 4 5 
Pb 43 14 18 11 16 11 12 12 14 13 14 11 29 16 
Rb 45 93 73 92 42 36 102 31 30 20 26 93 162 95 
Sc 15 13 16 21 25 13 18 21 22 27 23 5 5 4 
Sr 361 386 321 151 430 179 91 492 562 395 546 48 178 72 
Ta 1.0* 1.4* 
Th 8 7 9 10* 6* 12 11 3 2 <€ I 28 22 15 
U 3.3% 1.9* 
Vv 130 124 135 130 207 53 43 221 217 219 227 32 39 20 
Y 35 35 33 40 26 41 41 25 28 31 25 26 32 29 
Zn 228 110 69 88 90 76 43 110 91 123 92 14 70 8 
Zr 287 280 273 301 192 364 440 134 162 143 164 286 194 210 
nn nnn LEE EE EEE 

(c) Canta (d) Lurin 

——_—_— eee 

V38 V39 V40 VB Vc VD 

SiO, 49.47 53.71 50.61 63.83 49.80 57.88 

TiO, 0.97 0.95 1.01 0.68 0.94 0.77 

Al, O, 19.61 19.39 20.11 15.68 18.08 16.40 

Fe,O, 6.13 3.08 5.91 5.83 6.71 6.13 

FeO 2.23 3.85 2.60 0.12 2.73 0.31 

MnO 0.15 0.11 0.14 0.10 0.11 0.09 

MgO 4.78 3.24 3.34 0.46 4.16 3.66 

CaO 7.88 6.94 7.43 2.74 10.79 5.29 

Na,O 4.62 4.15 3.97 3.92 2.96 4.31 

K,O 0.96 1.57 1.91 3.02 0.69 2:21 

H,O 2.13 0.44 1.07 0.94 1.08 1.88 

PO, 0.24 0.27 0.27 0.29 0.17 0.22 

co, 1.66 0.21 0.06 0.87 0.59 0.00 

Total 100.83 97.91 98.43 98.48 98.81 99.15 

Ba 648 543 690 834 288 679 

Ce 30 46 40 58 33 47 

Co 22 17 22 10 35 22 

Cr 34 §5 18 8 67 108 

Cu 271 225 226 

Ga 21 20 19 

Hf 1 < < 

La 9 17 15 32 8 18 

Nb 12 5 7 

Nd 20 31 oF 

Ni 6 5 9 < 13 28 

Pb 9 12 11 12 11 9 

Rb 16 40 39 62 12 62 

Sc 24 23 27 

Sr 824 430 568 287 475 502 

Ta 1 2 < 

Th < 4 ee 6 3 8 

U < < 4 

Vv 242 200 251 17 272 155 

Y 24 24 20 30 21 19 

Zn 92 82 85 125 105 98 

Zr 103 144 115 | 263 72 122 

en Sn 
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(e) Fortaleza 


-__ Oe — — — — —  ———————SSSSeSeSSSFSSSSSSSSSSSSSsssFsFssFFsmsmsmsmmmsFsFsFsmsms—sé—SF 


V8 v9 V10 Vii V12 Vi13 Vi15 V167_—«V168~—s«V'169 V170—sV*171 V172 V173 V174 


SiO, 50.45 53.24 67.99 71.31 73.37 57.90 50.22 52.80 52.80 56.96 58.70 67.00 63.13 75.44 66.21 
TiO, 1.09 1.20 0.43 0.20 0.21 1.00 12 1.14 1.13 0.90 1.02 0.59 0.73 0:25) 0.64 
Al,O, 17.45 16.11 13.69 14.00 13.79 17,25 16.84 17.26 17.30 16.37 16.47 15.49 15.76 13.25 15.68 
Fe, O, 3.59 3.79 1.75. 1.89 1.84 2:71 1.56 2.88 3.07 4.06 2.9) 241 3.02 1.46 1.82 
FeO 4.16 3:97 1.03 0.20 0.16 4.01 6.42 9:39 5.24 3.26 4.01 1:52 1.39 0.13 2.12 
MnO 0.15 0.11 0.11 0.07 0.02 0.13 0.16 0.15 0.15 0.17 0.13 0.09 0.08 0.02 0.11 
MgO 5.04 3.74 0.98 0.19 0.17 2.73 4.42 4.34 4.42 3.42 2.64 0.90 1.25 0.24 1.06 
CaO 9.51 6.14 3.53 1.82 0.48 5.68 7.49 8.96 8.52 4.43 6.21 239 2:99 0.79 1.66 
Na,O 3.10 4.90 3:35 3.00 3.68 3.76 1:93 2.41 2.40 4.55 3.49 4.48 4.53 3.78 419 
K,O 0.49 2.06 3.34 6.44 5.56 2.06 2.06 1.92 1.78 2,92 2.14 3.49 3.43 4.75 4.46 
H,O 3:15, 3.20 2.27 1.30 2.30 2.24 

PO, 0.26 0.29 0.08 0.03 0.02 0.21 0.29 0.30 0.31 0.20 0.23 0.17 0.25 0.04 0.17 
co, 0.02 1.78 2°31 1.02 2.82 0.24 


Total 99.06 100.53 100.86 99.15 99.30 99.76 97.63 99.99 97.12 96.84 97.95 98.46 96.10 100.15 98.12 


Ba 187 488 741 1258 998 594 1105 635 698 541 559 903 794 598 896 


Ce 39 49 79 48 60 46 44 60 63 44 53 65 53 70 val 
Co 27 23 7 2 2 15 27 30 31 26 19 9 5 2 9 
Cr 79 69 17 vi 5 12 67 90 75 49 25 4 8 7 8 
Cu 147 174 141 203 223 148 189 211 
Ga 20 19 17 20 18 18 13 17 
Hf 2 1 3 2 3 5 7 2 
La 13 20 39 18 26 15 14 20 20 19 18 32 24 29 29 
Nb 9 10 11 10 16 12 18 L7 
Nd 28 31 48 30 35 31 28 

Ni 14 23 3 7 5 < 14 17 16 13 < i < 4 < 
Pb 13 17 22 23 18 14 13 8 9 12 13 12 15 12 11 
Rb 9 68 163 221 198 64 77 42 39 73 69 101 106 134 148 
Sc 27 21 10 3 5 18 30 

Sr 233 304 87 79 52 380 392 S75 505 302 394 266 294 104 354 
Ta < < 5 5 < < 5 2 
Th < 4 12 19 17 3 < 10 5 6 6 11 12 15 11 
U 2 ] 3 2 4 2 3 ) 
Vv 254 215 45 8 10 188 259 230 241 133 169 29 62 8 36 
Y 25 33 42 40 37 30 25 27 29 36 32 43 39 42 41 
Zn 112 114 149 54 42 33 114 84 89 97 88 97 111 22 101 
Zr 137 192 238 250 255 178 148 151 157 204 193 252 250 311 261 


(f) Fortaleza 
eee 


V175 V176 V177 V178 V179 V180 V182. -V183a V183b V185 V186 
SiO, 73.30 53:23 71.89 60.26 57.05 72.16 74.55 69.16 75.04 55.01 59.05 
TiO, 0.23 112 0.29 0.92 LT 0.24 0.17 0.35 0.19 1:35. 1.04 
Al,O, 13.39 lia ly 14.10 15:27 15.18 14.42 13.58 14.20 13.43 15.89 16.38 
Fe,O, 1.99 3.66 1.76 2.73 3.62 1.33 0.69 1.39 1:57 3.68 2.78 
FeO 0.37 4.77 0.42 3.13 4.05 0.49 1.19 1.64 0.16 5.30 4.05 
MnO 0.02 0.16 0.04 0.13 0.11 0.03 0.03 0.09 0.03 0.13 0.11 
MgO 0.32 5.91 0.53 3.14 3.60 0.27 0.21 0.75 0.17 3.45 2.60 
CaO 0.67 5.42 1.13 4.56 5.85 0.68 0.41 2.30 0.49 6.59 6.19 
Na,O 2.74 4.23 4.25 4.73 3.95 4.38 2.80 4.54 2.90 3.05 3.61 
K,O 6.26 0.86 4.10 0.95 2.03 5.41 6.05 2.79 5.84 1.85 2.19 
H,O 1.62 
P,O, 0.08 0.26 0.06 0.24 0.27 0.05 0.04 0.07 0.04 0.32 0.22 
co, 0.05 
Total 99.37 96.79 98.57 96.06 96.88 99.46 99.72 97.28 ~- 99.86 96.62 99.89 
Ba 1172 268 901 261 453 970 1011 657 942 513 503 
Ce 44 44 77 53 67 59 73 44 71 52 60 
Co 4 26 3 18 29 3 1 9 | 30 17 
Cr 85 1 33 69 < < 8 3 30 27 
Cu 152 199 126 109 186 104 197 128 194 264 213 
Ga 16 16 14 18 17 15 15 16 15 21 20 
Hf 1 < 5 2 4 4 2 3 3 % 3 
La 23 15 26 21 20 34 37 23 29 17 18 
Nb 6 7 17 11 15 19 18 10 17 10 9 
Nd < 
Ni 2 1 < 22 = 2 < < 5 Z 
Pb 14 6 12 19 14 5 16 22 18 10 1] 
Rb 228 22 114 24 62 158 202 95 213 50 66 
Sc 
Sr 140 151 124 297 173 83 55 124 71 532 401 
a < 3 1 4 2 < ] < 1 2 < 
Th 19 3 15 8 13 15 19 12 21 8 10 
U 3 i 3 2 3 4 4 2 3 a 2 
Vv 31 179 12 183 181 10 10 27 9 254 170 
Y 25 26 43 31 35 45 46 31 44 32 33 
Zn 29 122 60 98 93 44 41 62 35 138 91 
Zr 139 140 291 181 191 275 314 253 270 156 194 
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V194 V195 V196 V197a_ ~=V197b V199a V199b V200 V202 

SiO, 69.25 55.49 60.22 65.11 66.49 54.76 62.36 63.44 61.23 

TiQ; 0.56 0.91 0.68 0.62 0.59 0.91 0.46 0.67 0.84 

ALO, 13.59 20.00 15.62 15.79 14.87 19.10 16.23 15.39 16.50 

Fe,O, 3.06 2.45 5.38 2.88 2.86 2.56 3.23 $:25 5.87 

FeO L52 4,23 0.50 2.51 2.13 4.20 3.30 2.16 1.08 

MnO 0.05 0.14 0.13 0.11 0.09 0.13 0.17 0.09 0.04 

MgO 1.62 2.66 1.30 1.07 il 2.46 1.27 2.60 210 

CaO 1.69 5.27 5.14 2.67 2.07 5.78 2.60 4.42 2.73 

Na,O 2.66 5.37 4.1] 512 ee 4 4.96 4.94 4.07 5.88 

k,O 1.64 0.43 3.29 2,22 0.96 1.45 1.59 0.81 0.56 

H,O 2.00 

BO; 0.19 0.31 0.18 0.23 0.21 0.26 0.23 0.18 0.20 

CO, 0.16 

Total 95.83 99.42 96.55 98.33 97.20 96.57 96.38 97.08 97.03 

Ba 479 247 1490 1238 497 731 548 1076 341 

Ce 30 58 27 50 62 53 36 31 45 

Co 14 11 19 6 7 6 16 18 18 

Cr 37 14 16 < 9 2 22 28 41 

Cu 92 160 170 118 232 364 260 136 180 

Ga 17 23 17 17 17 22 22 18 15 

Hf 2 1 4 4 4 4 1 1 < 

La 10 19 16 24 26 18 15 11 10 

Nb 5 8 7 11 12 10 6 5 7 

Nd 

Ni 4 < 1 < < < 1 4 1 

Pb 8 8 12 16 8 14 12 9 7 

Rb 46 6 66 27 8 27 27 7 7 

Sc 

Sr 279 521 707 275 204 777 651 569 1065 

Ta 2 < 2 3 3 2 3 3 1 

Th 4 2 4 5 2 4 4 8 4 

U < < 2 1 1 < < < 1 

Vv 92 91 82 17 18 12 119 108 114 

¥ 18 34 18 44 42 34 27 12 18 

Zn 55 85 73 88 103 152 91 72 90 

LY 115 167 139 263 256 197 146 127 128 
(h) Tapacocha 

518T 520T 526T 532T 536T 538T 549T 551T 554T 560T 7.129 7.130 7.131 7.132 A7l A72 A74 

SiO, 52.19 54.14 64.09 56.91 60.92 56.25 56.93 55.46 54.66 55.09 57.71 56.44 58.60 70.27 54.48 56.84 56.60 
TiO, 0.95 0.97 0.80 0.99 0.69 0.66 1.09 0.98 1.02 1.00 0.84 0.84 0.83 0.42 0.91 0.84 0.88 
Al,O, 18.05 18.94 16.84 17.81 17.40 14.96 18.63 19.63 19.30 18.34 17.45 19.69 16.91 14.09 21.19 19.93 20.36 
Fe,O, 3.92 4.36 4.47 3.98 3.07 2.06 3.04 3.48 3.25 4.68 3.00 3.50 2.82 1.47 3.34 3.09 3.10 
FeO 4.76 3.52 3.19 3.31 2.60 4.01 5.09 3.40 4.26 3.36 4.24 3.53 4.12 2.50 4.61 4.16 4.04 
MnO 0.28 0.13 0.07 0.12 0.12 0.15 0.14 0.13 0.13 0.12 0.14 0.13 0.12 0.05 0.14 0.25 0.12 
MgO 4.54 3.91 1.38 1.19 2.47 3.36 3.79 2.66 2.60 5.08 3:11 2.48 3.34 0.68 2.72 2.98 2.19 
CaO 10.10 8.55 1.95 7.36 a5 12.98 5.93 8.03 8.64 6.31 4.70 6.83 5.65 2.58 8.69 6.45 6.80 
Na,O 2.15 2.36 2.89 1.92 3.50 1.98 2.99 3.06 2.85 2.90 2.68 3.19 2.72 1.44 223 2.67 2.67 
K,O 1.06 1.29 2.44 4.68 2.56 2.04 0.21 1.60 1.59 Ll 2.04 1.68 1.75 3.60 0.65 1.78 1,82 
H,O 
P.O, 0.20 0.18 0.19 0.30 0.20 0.14 0.21 0.18 0.20 0.21 0.18 0.19 0.18 0.09 0.24 0.21 0.14 
co, 
Total 98.20 98.35 98.31 98.57 98.68 99.09 98.05 98.61 98.50 98.20 96.09 98.50 97.04 97.19 99.20 99.20 98.72 
Ba 581 596 603 16.97 878 1169 416 697 820 483 718 562 938 778 267 obi 566 
Ce 58 31 61 50 37 24 39 36 37 28 28 29 61 61 20 23 30 
Co 25 20 11 12 14 25 19 14 17 20 14 15 14 5 15 14 12 
Cr 65 48 3 18 14 214 44 17 26 67 31 12 17 13 101 21 26 
Cu 
Ga 
Hf 47* 4.1* 4.2* 
La 16 14 32 37 24 13 23 23 27 13 18 17 22 34 9 13 17 
Nb 
Nd 42 20 40 37 25 22 28 23 24 21 23 23 24 42 18 19 26 
Ni 6 0 0 5 3 60 6 3 1 1 
Pb 11 11 17 18 12 13 14 17 16 14 13 13 15 16 17 8 12 
Rb 19 33. 108 195 77 51 1 40 36 29 53 40 48 183 12 21 33: 
Sc 37, 35 22 26 21 37 31 26 32 35 23 24 23 12 28 28 23 
Sr 381 348 287 159 445 243 465 404 389 307) 384 434 409 104 399 375 395 
Ta 64* 55o* 0.42* 
Th 1 2) 13 25 5 6 8 5 6 5 BF 6* 8* 36 6 6 7 
U 24% 1.8* 22 
Vv 207 202 95 100 135 146 209 167 297 237 151 176 163 26 187 229 161 
ay 26 28 49 45 28 29 33 30 31 20 28 26 26 45 26 22 28 
Zn 98 79 113 99 90 74 111 88 91 20 84 91 95 80 79 76 66 
ZY 122 136 286 328 164 125 154 146 152 112 154 139 142 440 103 102 146 


XRF analyses by L. M. Sanderson, W. J. McCourt, V 
Th (where starred*) by M. S. Brotherton (INAA). 


Appendix 3: Casma Group 


. Warden, W. G. Davies, J. Halson, G. Caldwell, D. D. R. McQueen-Hewitt, Hf, Ta, U 


and 
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Dacites Rhyolites 
Bll B101 B241 7.65 A202 7.62a 7.62b A200 A201 

SiO, 62.50 64.80 63.30 67.39 59.55 A192 73333 72.63 72.24 
TiO, 0.68 0.62 0.56 0.43 0.31 0.18 0.19 0.23 0.23 
Al,O, 16.85 16.23 16.28 15.23 14.25 15352 13.78 13.43 13.90 
Fe,O, 1.10 1.40 1.93 1.93 1.12 1.29 1.35 0.94 0.87 
FeO 3.25 3.03 3.51 1.97 1.90 0.29 0.39 1.30 1.36 
MnO 0.15 0.10 0.14 0.07 0.06 0.08 0.07 0.05 0.06 
MgO 2.07 2.46 2.22 1.20 0.79 0.10 0.10 0.30 0.40 
CaO 4.86 3:97 4.24 2.94 1.72 0.82 0.57 1.90 1.73 
Na,O 3.99 3:31 3.80 3.72 3.33 5.16 5.24 3.39 4.00 
K,O 1.64 1.85 175 3.52 4.01 4.68 4.59 4.27 4.37 
H,O 0.4 0.50 
P,O, 0.23 0.22 0.21 0.07 0.04 0.02 0.02 0.05 0.04 
co, 1.09 0.71 
Total 97.32 97.99 97.94 98.46 97.08 99:55 100.84 98.49 99.20 
Ba 323 544 589 882 770 765 929 736 
Ce 13 33 11 59 60 51 53 
Co 21 16 11 7 33 32 6 10 
Cr 109 116 98 8 6 4 120 146 
Hf 6.1* 6* 
La 8 19 16 34 35 35 34 
Nd 13 22 22 35 33 31 32 
Ni 442 362 566 oI 4 11 12 
Pb 12 12 17 13 11 10 29 22 
Rb 20 67 67 111 202 180 174 183 137 
Sc 12 12 6 14 5 3 4 2 
Sr 481 219 428 219 122 55 57 58 66 
Ta 0.8* 1.0* 
Th 4 14 3 Li 16 20 20 16* 
U 3.3* 4.6* 
Vv 129 84 42 51 7 7 30 11 
Y 19 26 30 34 36 50 48 41 48 
Zn 71 55 107 71 24 22 100 46 
Zr 74 209 194 217 200 241 251 192 215 
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Basaltic — Andesites 
nn nS 
279SW = 3389SW222SW 58.813 7.33 7.106 7.63 60SW 137SW A189 PANS 
SiO, 53.60 54.50 55.58 53.39 54.81 55.4 56.03 53.01 53.26 53.06 53.03 
TiO, 1.05 0.63 0.85 LS, 0.78 0.77 1.20 0.85 0.79 0.94 1.06 
ALO, 16.93 18.07 16.93 17.53 17.65 14.77 17.83 16.32 18.52 18.92 15.80 
Fe, O, 4.01 2.24 9.77 5.60 2.49 2.33 2.49" 4.19 2.93 10.65 2.53 
FeO 6.40 5.30 4.21 3.67 5ul'3 573 5.66 5.60 7.86 
MnO 0.22 OS 0.13 0.14 0.15 0.11 0.18 0.22 0.15 0.17 0.14 
MgO 3.91 5) 3.59 3.90 2.98 4.64 3.75 5.00 3.65 3.36 3.80 
CaO 7.91 10.67 8.49 6.84 9.22 8.26 6.43 8.31 7.95 8.07 8.61 
Na,O 3.20 3.05 2.91 3.91 3:55 21 = by 3.79 3.29 2.72 1.42 
K,O 0.59 0.84 0.58 1.24 0.37 0.81 1.29 0.55 0.69 1.20 1.35 
H,O 1.81 3:21 3:15 2.77 
PO, 0.16 0.17 0.12 0.16 0.05 0.08 0.16 0.15 0.19 0.10 
co, 0.19 1.54 2.13 0.41 
Total 97.98 98.93 98.95 100.07 100.47 100.29 98.24 98.05 97.02 99.09 98.88 
Ba 243, 139 317 127 272 1039 201 226 575: 623 
Ce 8 11 23 8 12 11 24 15 19 
Co 17 32 42 42 36 19 18 26 31 42 
Cr 20 57 5 81 92 17 48 48 7 30 
Hf 2.0* 3.7* 
La 2 6 10 z 3 12 10 6 
Nd 10 12 19 8 14 14 18 id 13 
Ni 7 3 41 27 < 2 3 79 
Pb 10 7 9 14 17 19 11 6 18 10 
Rb 8 29 12 16 7 17 rei 17 4 37 23 
Sc 45 33. 24 47 29 28 30 22 34 38 
Sr 348 325 262 476 285 218 631 238 488 401 287 
Ta 0.1* 0.7* 
Th 3 3:2" 3 2 2 3 4* 5 1.6* < 
U 2.2* 12% 1.1* 
Vv 211 214 222 187 314 189 238 65 200 274 313i 
Y 34 19 29 37 24 34 23 32 22 25 29 
Zn 98 50 68 89 78 159 108 78 93 105 * 
Zr 61 94 90 117 73 122 138 78 97 48 94 
Sa 
Basalts 
V33 V35 V36 V37 58821 i pees 7.109 7.112 A195 A198 38SW 47SW Al77 A188 145SW  228SW 
SiO, 48.33 48.96 47.64 48.19 46.50 51.23 52:33 52.55 52.42 51.67 46.00 50.04 51.07 50.09 49.91 51.40 
TiO, 0573: 0.62 0.67 0.48 0.93 0.50 0.91 1.07 0.70 0.81 0.59 0.75 0.69 0.73 0.86 0.74 
ALO, L775 13.74 15.77 14.64 18.02 12.39 18.04 15.16 18.71 18.68 18.09 19.96 18.32 18.83 19.15 18.32 
Fe,O, 1.99 1.66 2.45 1.04 5.95 1.94 1.48 3.34 3.36 3.43 3.64 9.82 3.80 3.80 4.25 3.67 
FeO 7.81 6.96 7.32 7.44 4.00 4.33 8.14 8.05 5.90 6.21 6.35 6.20 6.30 6.30 6.00 
MnO 0.18 0.16 0.18 0.13 0.12 0.16 0.12 0.15 0.16 0.17 0.16 0.12 0.18 0.18 0.15 0.17 
MgO 6.00 11.84 9.53 10.33 8.22 6.57 3.96 4.14 3.81 4.60 6.75 oy ia) 4.46 4.86 4,99 4.06 
CaO 9.08 10.98 7.58 12.10 12.25 13.66 9.43 7.54 9.50 9.72 13.30 9.36 10.80 10.42 8.96 10.80 
Na,O 3.87 1.53 4.35 1.45 2.04 2.70 2.21 3.06 3.40 3.00 1.70 1.10 3.30 3.26 3.34 2.66 
K,O 0.21 0.40 0.23 0.22 0.40 0.13 0.43 0.62 0.79 0.70 0.44 0.17 0.80 0.58 0.28 0.60 
H,O 2:23 1.74 2.92 2:55 1.93 
P,O, 0.09 0.07 0.09 0.05 0.06 0.06 0.07 0.08 0.18 0.19 0.10 0.11 0.18 0.14 0.13 0.13 
co, 0.10 1.24 3.91 0.15 1.74 
Total 98.37 96.92 95.78 96.10 101.47 100.50 99.82 99.43 98.93 99.18 97.12 97.18 99.80 99.19 98.32 98.55 
Ba 162 165 129 269 97 < 416 320 796 285 247 86 775 125 < 107 
Ce 15 12 13 6 9 2 14 14 3 3 = < 14 12 54 2 
Co 32 50 41 43 56 46 47 47 22 24 42 30 33. 39 46 41 
Cr 90 446 199 373 85 500 39 8 3 25 111 16 80 269 < 21 
Hf 1.3* 0.7* 1.0* 2.0* 1) 
La 1 1 ) 1 < < 6 4 7 1 € < 2 2 7 < 
Nd 11 10 12 8 11 5 13 13 1] 8 6 9 11 11 39 ey) 
Ni 35 166 89 96 38 77 8 1 <5 <5 13 a 24 91 11 6 
Pb 9 5 8 8 | 7 13 14 14 10 6 7 4 10 9 4 
Rb 6 9 4 5 3 1 13 7 25 22 12 < 28 3 68 11 
Sc 40 44 38 40 43 56 34 37 35. 44 44 38 39 49 43 48 
Sr 280 187 335 222 349 204 254 482 418 242 205 174 683 270 294 244 
Ta 0.1* 0.1* <* 0.1* ae 
Th 0.6* < < 0.6* 3 < 2 4 2 3 O4* 0.7* < 1 2, 0.5* 
U 0.3* 0.2* 0.4* 0.2* 0 3* 
Vv 310 251 261 235 335 237 293 313 276 272 272 293 130 256 334 327 
¥ 21 19 21 14 17 Me 25 30 18 25 12 19 18 20 63 22 
Zn 85 71 84 79 59 oO” 96 106 75 83 75 102 66 46 129 84 
Zr 37 39 49 26 57 42 76 94 42 58 44 41 74 49 372 32 
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Appendix 4: Mineral analyses 


Chemical analyses by W. J. McCourt, W. P. Taylor, D. I. Hartley and J. R. Woods. Modal analyses by G. Mason and W. J. McCourt. 


Mineral analyses were obtained by electron probe microanalysis at Manchester University by G. Mason. 

In the following tables, where an analysis has been obtained from a specific part of a crystal, its location is identified by the numbers and letters 
occurring in brackets after the analysis number, e.g. (1, r). The first number in brackets refers to a particular crystal and the letters following it refer 
to a particular part of the crystal. Thus c = core; r= rim; zl, 22, etc. = zone 1, zone 2, etc. (numbered outwards from the core). 


Notes on amphibole analyses 


The ferric ion content of the amphiboles was estimated by a charge balance method (Papike ef a/., 1974). However, ferric iron was not determined 
(n/d) for two cummingtonite analysis, and in these cases total iron is represented as FeO. 

Xoct = number of cations, given above, which are in excess of those required to fill the octahedral site. 

Amphibole names (Leake, 1978) have been abbreviated as follows: 


mg-Hb magnesio-hornblende 

fe-Hb ferro-hornblende 

ts Hb tschermakic hornblende 

ac Hb actinolititic hornblende 

timgHb titanian magnesio-hornblende 
titsHb titanian tschermakitic hornblende 
Eden edenite 

Act actinolite 

Cumm cummingtonite 


1. Chemical and modal analyses of rocks from which mineral analyses were obtained 


Sample No. All3 Al75b A60 A8 A184 A62 A96 A92 A106 A122 P21S G65 P3W A9B AI5 G184 
Chemical Analyses 

SiO, 45.24 45.09 58.02 

TiO, 0.90 0.69 0.53 

ALO, 17.97 17.81 19.32 

Fe,O, 3:11 4.35 1:53) 

FeO 8.00 5.03 4.20 

MnO 0.21 0.14 0.11 

MgO 6.84 9.67 2.37 

CaO 14.00 11.47 7.45 

Na,O 2.35 1.82 3.92 

K,O 0.26 0.44 1.28 

PO, 0.05 0.07 0.25 

Total 98.93 96.58 98.98 

Modes 

Plagioclase 50.1 43.3 60.0 67.8 56.8 57.7. 59.1 58.5 57.7. 48.7 55.0 49.8 52.1 37.2 41.0 36.6 
Quartz _ — 2.5 10.3 196 76 126 186 224 19.7 21.1 24.3 346 26.1 31.0 30.8 
Alkali Feldspar — — — 1.7 3.7 46 59 99 59 11.8 106 14.1 4.1 26.0 22.7 30.7 
Olivine — 0.2 = : . 

Ca-poor Pyroxene PLS = = — 3.0 1.0 Tr 

Ca-rich Pyroxene 19.9 2.8 0.2 Tr 19 «7320 10 Ol — 09 OL — = 0.1 — —= 
Hornblende 12.9 S201 31.4 10.4 47 11.8 103 82 49 67 #73 #41 35 40 26 — 
Biotite — — A) ee a) 90 11.7 86 14 #79 #103 08 64 419 58 O8 1.5 
Chlorite — — 19 0,2 — = 05 19 O12, O83 3.2 02 26 O04 13 40.1 
Opaque Minerals 5.4 1.1 Le? (WG l4 23 6 23 10 03 10 10 O8 O2 O02 O02 
Others 0.2 0.5 0.2 0.3 ay 0.2 04 O02 02 04 1.0 1 06 O03 O4 O01 
*Tr = Trace 


2. Olivine, pyroxene, amphibole, biotite, prehnite, plagioclase 
and alkali feldspar 


(a) Olivine analysis 


Sample No. Al75b Structural formula based on 4 oxygen 
Analysis No. 330 atoms 

SiO, 40.47 Si 1.009 
TiO, = Al — 
Al,O, = Ti — 
FeO 15.42 Fe 0.321 
MnO 0.35 Mn 0.007 
MgO 44.52 Mg 1.654 
CaO — Ca = 
Na,O — Na = 
K,O = K aan 


(b) Pyroxene analyses 
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Sample No. A92 A62 A184 A96 A98 
Analysis No. 24 100 103(1,c) 104(1,r) 203(1,c) 204(1,r) 210(2,c) 221(2,c) 211(2,r) 219(3,c) 220(3,r) 241(1,c) 242(1,r) 262 280 
SiO, 52.96 52.14 51.74 51.74 51.86 50.80 52.03 52.39 52.16 51.26 50.60 52.03 53.04 52.75 52.94 
TiO, 0.31 0.41 — — 0.24 _ — 0.29 — 0.25 = 0.39 0.20 0.21 
Al,O, 1.77 2.10 — oe a = 0.25 0.58 0.34 0.29 — 2.10 0.88 0.64 1.07 
FeO 9.23 11.31 30.72 32.29 27.56 31.44 12.48 12.64 13.22 29.67 30.83 11.03 9.78 10.88 9.55 
MnO 0.64 0.39 0.90 1.10 0.73 1.24 0.55 0.39 0.49 0.88 1.10 0.48 0.62 0.64 0.46 
MgO 13.60 13.28 17.52 15.52 17.36 14.21 11.69 11.76 11.43 15.54 14.60 14.31 13.17. 11.78 13.76 
CaO 22.24 20.77 0.67 0.53 1.61 0.96 22.09 22.34 21.95 1:57 1.81 19.34 22.64 23.14 21.95 
Na,O 0.33 0.34 0.28 — 0.29 
K,O - 

Total 100.37. 100.74 101.85 101.19 99.36 98.64 99.09 100.38 99.58 99.44 98.93 99.71 100.61 99.83 100.24 
Structural formula based on 6 oxygen atoms 

Si 1.950 1.946 1.984 2.001 2.003 2.017 1.995 1.982 1.994 2.000 2.002 1.950 1.979 1.995 1.975: 
Al 0.078 0.092 0.011 0.026 0.015 0.013 = 0.093 0.039 0.029 0.047 
Ti 0.009 0.012 = = 0.007 = — 0.008 — 0.007 = 0.011 0.006 — 0.006 
Fe 0.288 0.353 0.979 1.044 0.890 1.044 0.400 0.400 0.423 0.968 1.020 0.346 0.305 0.344 0.298 
Mn 0.020 0.012 0.029 0.036 0.024 0.042 0.018 0.013 0.016 0.029 0.037 0.015 0.020 0.020 0.015 
Mg 0.756 0.739 0.996 0.895 0.999 0.841 0.668 0.663 0.652 0.904 0.861 0.800 0.733 0.664 0.765 
Ca 0.889 0.830 0.027 0.022 0.067 0.041 0.908 0.906 0.899 0.065 0.077 0.778 0.905 0.938 0.878 
Na 0.024 0.025 — 0.020 — 0.021 
K 

Meg/(Mg+Fe) 0.72 0.68 0.50 0.46 = 0.53 0.45 0.63 0.62 0.61 0.48 0.46 0.70 0.71 0.66 0.72 
Relative proportions of: 

Ca 45.5 42.9 13 1. 3.4 2a 45.5 45.7 45.2 3.3 3:9 40.1 46.1 47.7 44.9 
Mg 38.7 38.2 49.0 44.8 50.5 42.7 33.5 33.5 32.8 46.0 43.2 41.3 37.3 33.8 39.1 
Fe+ Mn 15.8 18.9 49.6 54.1 46.2 55:2 21.0 20.8 = 22.1 50.7 53.0 18.6 16.6 = 18.5 16.0 


Pyroxene analyses (continued) 
nn 


Sample No. Al13 Al75b A122 P21S 
Analysis No. 304(1,c) 305(1,r) 306(2,c) 307(2,r) 339(1,¢) 341(1,r) 355(1,c) 356(1,r) 454 
SiO, 53.14 52.27 54.18 53,85 53.57 54.27 52.17 53.45’ 53.35 
TiO, — 0.25 — — 0.23 _— 0.41 = = 
ALO, 1.14 2.02 0.84 0.90 0.89 0.31 2.08 0.64 0.48 
FeO 8.21 7.03 17.33 17.24 6.75 5.88 8.91 8.52 10.31 
MnO 0.36 0.26 0.49 0.62 0.26 0.41 0.24 0.44 0.69 
MgO 15.26 14,95 26.14 25.61 14.95 14.56 = 15.56 13.72 13.22 
CaO 21,37 22.50 0.50 0.72 23.86 24.61 19.97 22.32 21.66 
Na,O 

K,O 

Total 99.48 99.27 99.48 98.94 100.52 100.04 99.34 99.10 99.71 
Structural formula based on 6 oxygen atoms 

Si 1.979 1.948 1.979 1.980 1.974 2.005 1.946 2.006 2.005 
Al 0.050 0.089 0.036 0.039 0.039 0.013 0.091 0.028 0.021 
Ti — 0.007 — — 0.006 = 0.011 — — 
Fe 0.256 0.219 0.529 0.530 0.208 0.182 0.278 0.267 0.324 
Mn 0.011 0.008 0.015 0.019 0.008 0.013 0.008 0.014 0.022 
Mg 0.847 0.831 1.423 1.404 0.821 0.802 0.865 0.767 0.740 
Ca 0.853 0.898 0.020 0.028 0.942 0.974 0.798 0.897 0.872 
Na = : 

K _ 

Mg/(Mg+Fe) 0.77 0.79 0.73 0.73 0.80 0.82 0.76 0.74 0.70 
Relative proportions of: 

Ca 43.4 45.9 1.0 L.4 47.6 49.4 40.9 46.1 44.5 
Mg 43.1 42.5 71.6 70.9 41.5 40.7 44.4 39.4 37.8 
Fe + Mn 13.6 11.6 27.4 254 10.9 9.9 14.7 14.4 Lia 


a 
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(c) Amphibole analyses | 


Sample No. A92 A95 A8 A60 A184 
Analysis No. 17(1,c) 18(l,r) 23 57 62 150(1,c) 151(1,r) 178(1,c) 180(1,r) 209 214 
SiO, 45.92 47.66 54.68 49.80 53.66 48.23 50.10 43.68 46.31 46.74 47.02 
TiO, 2517 0.75 = 0.64 0.31 0.99 0.46 2.76 1.63 0.88 1.02 
Al,O, 1.99 5:93 1.05 4.56 1.63 7.16 5.72 10.61 8.08 6.65 6.76 
Fe,O, 2.92 3.51 0.90 3.01 1.42 4.68 3.09 2.99 3.47 3.79 3.94 
FeO 10.00 12°24 10.45 11.58 9.69 9.56 10.05 10.93 11.86 15.58 16.19 
MnO 0.30 0.75 0.78 0.91 0.75 0.84 0.65 0.32 0.25 0.47 0.40 
MgO 14.21 12.63 17.42 13.80 17.14 13.76 14.47 12,19 12.37 10.70 10.29 
CaO 11.31 11.82 11.54 11.35 [41 11.66 12.44 10.91 10.95 10.86 122 
Na,O 1.50 0.72 — 0.74 0.39 0.73 0.38 1.71 0.93 0.41 0.58 
kK,O 0.61 0.51 = 0.32 — 0.21 0.28 0.24 0.42 0.50 0.56 
Total 96.89 96.52 96.82 96.71 96.40 97.82 97.64 96.34 96.27 96.58 97.98 
Structural formula based on 23 oxygens 
Si 6.761 7.105 7.862 7.336 7.754 7.001 7.252 6.493 6.683 7.046 7.016 
AL(IV) 1.239 0.895 0.138 0.664 0.246 0.999 0.748 1.507 1.117 0.954 0.984 
Al(VI) 0.141 0.147 0.040 0.128 0.032 0.227 0.228 0.352 0.299 0.228 0.206 
Ti 0.240 0.084 — 0.071 0.034 0.108 0.050 0.309 0.182 0.100 0.115 
Fet 0.323 0.394 0.098 0.333 0.155 0.511 0.336 0.335 0.388 0.430 0.443 
Mg 3.118 2.806 33733 3.030 3.691 2.977 8.122 2.701 2.740 2.404 2.288 
Fe* 15232 1.526 1.256 1.427 1.171 1.161 1.217 1.359 1.474 1.964 2.021 
Mn 0.037 0.095 0.095 0.114 0.092 0.103 0.080 0.040 0.032 0.060 0.051 
Xoct 0.092 0.052 0.222 0.103 0.174 0.086 0.033 0.095 0.115 0.186 0.122 
Ca 1.784 1.888 1.778 1,792 1.767 1.814 1.929 1.738 1.744 1.754 1.794 
Na(M4) 0.124 0.060 at 0.105 0.059 0.100 0.038 0.167 0.141 0.060 0.084. 
Na(A) 0.304 0.148 = 0.106 0.051 0.106 0.069 0.325 0.127 0.060 0.084 
K 0.115 0.097 — 0.060 — 0.039 0.052 0.046 0.080 0.096 0.107 
A-site 0.419 0.245 = 0.166 0.051 0.145 0.121 0.371 0.207 0.156 0.191 
Mg/ 

‘Mg + Fe?*) 0.72 0.65 0.75 0.68 0.76 0.72 0.72 0.67 0.65 0.55 0.55 
Name mg-Hb mg-Hb~ Act ac Hb Act mg-Hb acHb utsHb mg-Hb mg-Hb~ mg-Hb 


i 


Amphibole analyses (continued) 


eee 


Sample No. A96 A98 A113 A175b 
Analysis No. 244 246 247 264 265 308 319(1,r) 320(1,c) 331(1,c) 332(1,z1) 333(1,z2) 334(1,z23) 335(1,r) 
SiO, 47.33 54.62 50.16 45.40 48.41 47.01 44.43 13.09 43.09 46.57 47.56 47.11 47.26 
TiO, 0.84 — 0.26 1.17 0.54 1.44 2.68 2.77 2.23 1.44 0.93 0.84 0.27 
Al,O, 6.39 0.35 4.44 deol 4.70 8.31 10.48 10.84 12.24 9.21 8.22 8.95 8.84 
Fe, O, 3.30 n/d 3.06 3.12 3.37 3.37 1.63 2,39 3.35 2.28 2.36 2.32 3.13 
FeO 14.71 19.85 12.18 15.01 14.25 6.79 9.07 8.59 9.11 9.18 8.86 9.18 9.60 
MnO 0.35 1.41 0.52 0.36 0.58 — = 0.24 
MgO 11.30 18.25 13.67 10.98 12.09 15.83 14.24 13.84 13.17 14.58 14.74 14.53 13.62 
CaO 11.05 1.69 11.74 11.30 11.63 11.79 11.71 11.99 12.07 LUA 11.70 11.71 12.42 
Na,O 0.66 = 0.30 1.34 0.91 1.02 1.69 1.23 1.56 1.48 1.04 1.39 0.65 
K,O 0.48 = 0.23 0.72 0.35 0.35 0.47 0.41 0.26 0.26 0.18 0.14 0.15 
Total 96.41 96.17 96.56 96.90 96.83 95.92 96.40 96.09 97.08 96.71 95.59 96.17 95.94 
Structural formula based on 23 oxygen atoms 
Si 7.107 8.018 7.394 6.850 7.242 6.852 6.527 6.459 6.320 6.791 6.978 6.891 6.948 
Al(IV) 0.893 — 0.606 1.150 0.758 1.148 1.473 1.541 1.680 1.209 1.022 1.109 1.053 
Al(VI) 0.238 0.060 0.166 0.186 0.071 0.279 0.342 0.344 0.437 0.375 0.400 0.434 0.480 
Ti 0.095 = 0.029 0.133 0.061 0.158 0.296 0.307 0.246 0.158 0.103 0.092 0.030 
Fe* 0.373 n/d 0.340 0.353 0.379 0.370 0.180 0.265 0.370 0.250 0.260 0.255 0.346 
Mg 2.529 3.994 3.003 2.469 2.696 3.438 3.118 3.042 2.879 3.169 3.223 3.167 2.984 
Fe* 1.847 2.437 1.501 1.894 1.783 0.828 LAS 1.060 1.117 1.119 1.087 1.123 1.181 
Mn 0.045 0.176 0.065 0.046 0.074 — = 0.030 = 
Xoct 0.126 = 0.103 0.080 0.063 0.074 0.051 0.049 0.048 0.071 0.073 0.072 0.021 
Ca 1.778 0.266 1.854 1.827 1.864 1.841 1.843 1.895 1.897 1.830 1.840 1.835 1.956 
Na(M4) 0.096 = 0.043 0.093 0.073 0.085 0.106 0.056 0.055 0.099 0.087 0.093 0.023 
Na(A) 0.096 — 0.043 0.299 0.191 0.203 0.376 0.296 0.388 0.319 0.209 0.302 0.162 
K 0.092 — 0.043 0.139 0.067 0.065 0.088 0.077 0.049 0.048 0.034 0.026 0.028 
A-site 0.188 = 0.086 0.438 0.258 0.268 0.464 0.373 0.437 0.367 0.243 0.328 0.190 
M 

tg +Fe*) 0.58 n/d 0.67 0.57 0.60 0.81 0.74 0.74 0.72 0.74 0.75 0.74 0.72 
Name mg-Hb Cumm _— acHb mg-Hb mg-Hb- mg-Hb_ timgHb _ titsHb tsHb mg-Hb  mg-Hb mg-Hb~ mg-Hb 

& 
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Amphibole analyses (continued) 
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Sample No. G65 P21S P3W 

Analysis No. 381 388 404 412 426(1,c) 427(1,r) 

SiO, 46.84 50.69 48.63 49.11 49.47 49.23 

TiO, 1.88 0.68 0.84 0.74 1.01 1.13 

Al,O, 7.17 3.98 5.83 5.60 5.52 5.82 

Fe,O, 2.69 173 2.91 3.93 2.69 2.83 

FeO 10.26 11.23 12.48 11.39 10.01 10.40 

MnO 0.37 0.81 0.51 0.55 0.70 0.53 

MgO 14.15 14.62 13.20 13.65 14.86 14.36 

CaO 11.20 11.32 E101 10.72 11.43 Thal 

Na,O 1.53 0.51 0.74 1.14 0.52 1.18 

K,O 0.39 0.23 0.44 0.39 0.37 0.35 

Total 96.48 95.81 96.59 97.22 96.58 96.95 

Structural formula based on 23 oxygen atoms 

Si 6.909 7.472 7.195 7.201 7.231 7.190 

AL(IV) 1.091 0.528 0.805 0.799 0.769 0.810 

Al(VI) 0.155 0.163 0.212 0.169 0.182 0.192 

Ti 0.209 0.075 0.094 0.082 0.111 0.124 

Fe* 0.299 0.192 0.324 0.434 0.296 0.311 

Mg 3.110 3.212 2.911 2.983 3.237 3.126 

Fet 1.265 1.386 1.544 1.397 1.224 1.270 

Mn 0.046 0.101 0.064 0.068 0.087 0.066 

Xoct 0.085 0.129 0.148 0.133 0.136 0.088 

Ca 1.770 1.788 1.745 1.684 1.790 1.742 

Na(M4) 0.145 0.083 0.107 0.183 0.074 0.170 

Na(A) 0.292 0.063 0.106 0.142 0.074 0.164 

K 0.073 0.043 0.083 0.073 0.069 0.065 

A-site 0.365 0.106 0.189 0.215 0.143 0.229 

Mg/(Mg + Fe?*) 0.71 0.70 0.65 0.68 0.73 0.71 

Name mg-Hb acHb mg-Hb mg-Hb mg-Hb mg-Hb 

(d) Biotite analyses 

Sample No. A92 A95 G184 A106 A8 A60 A184 A96 A98 

Analysis No. 31(1,c) 32(1,r) 63 114 115 134(1,c) 135(1,r) 155 157 193 216 253 281 267 

SiO, 36.19 35.99 36.02 36.38 35.97 36.01 36.38 37.22 37.12 36.06 36.46 36.60 36.26 36.71 

Al,O, 13.62 13.79 13.60 14.17 14.38 13.45 13.53 14.43 14,29 13.92 13.47 13.57 14.16 13.30 

TiO, 5.04 4.96 4.46 4.83 4.82 4.89 4.52 3.63 3.65 4.70 4.21 3.75 3.17 4.79 

Fe,O, 2.46 2.54 2.34 3.00 2.68 2.38 2.34 aa) 21 2.48 2.69 2.61 2.54 QL 

FeO 17.91 18.52 17.04 21.82 19.51 17.30 17.07 15.33 15.37 18.02 19.55 19.01 18.47 20.13 

MnO 0.43 0.33 0.43 0.52 (0.52 0.27 0.35 0.41 0.33 — 0.28 0.21 0.25 0.34 

MgO 10.74 10.77 11.87 7.47 8.11 11.41 11.45 13.54 12.79 11.34 9.50 10.25 9.99 9.10 

Na,O 

K,O 8.80 8.87 8.91 9.13 9.03 9.15 8.96 9.13 9.10 8.97 9.15 9.06 9.27 9.13 

Total 95.19 95.95 94.67 97232 95.02 94.86 94.60 95.79 94.76 95.49 95.31 95.06 94.10 96.32 

Structural formula based on 22 oxygen atoms 

Si 5.537 5.484 5.525 5.554 5.563 5.525 5.578 5.572 5.617 5.498 5.621 5.634 5.632 5.614 

AL(IV) 2.457 2.478 2.459 2.446 2.437 2.433 2.422 2.428 2.383 2.502 2.379 2.366 2.368 2.386 

Fe* (IV) 0.006 0.038 0.016 — — 0.042 

Al(VI) 0.104 0.185 = 0.024 0.119 0.167 —- 0.070 0.097 0.224 0.021 

Ti 0.580 0.568 0.514 0.555 0.561 0.564 0.521 0.409 0.415 0.539 0.488 0.434 0.370 0.551 

Fe3* (VI) 0277 0.254 0.254 0.344 0.312 0.232 0.271 0.237 0.240 0.284 0.312 0.303 0.296 0.318 

Fe* 2.291 2.360 2.186 2.786 2,525 2.220 2.189 1.919 1.945 2.298 noel 2.447 2.399 2.575 

Mn 0.056 0.043 0.056 0.067 0.068 0.035 0.045 0.052 0.042 — 0.037 0.027 0.033 0.044 

Mg 2.449 2.446 2.713 1.699 1.869 2.609 2.616 3.021 2.884 2.577 2.183 2.351 2.512 2.074 

Ca = 0.029 = : : 

Na = 

K 1.718 1.724 1.744 1.778 1.782 1.791 L753 1.744 L.do7 1.745 1.800 1.779 1.837 1.781 

Sum Y 5.653 5.671 5.724 5.556 5.519 5.661 5.666 5.756 5.694 5.698 5.611 5.660 5.635 5.582 

Sum X 1.718 L754 1.744 1.778 1.782 1.791 1.753 1.744 L757 1.745 1.800 L779 1.837 1.781 
0.52 0.51 0.55 0.38 0.43 0.54 0.54 0.61 0.60 0.53 0.46 0.49 0.49 0.45 


Mg/(Mg + Fe?*) 


Fe? + /(Fe?*+ + Fe? +) =0.11 
nnn EEEEEIEIEEEEEESn EEE 


L* 
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Biotite analyses (continued) 


Sample No. A98 G65 P21S P3W 

Analysis No. 269 390 414 434 

SiO, 36.73 36.85 36.83 37.08 

ALO, 13.27 13.65 13.34 13.70 

TiO, 4:25 4.69 5.13 4.19 

Fé,0; 2.65 2.20 2.36 2.11 

FeO 19.27 16.03 17.18 15.36 

MnO 0.53 = 0.26 0.27 

MgO 9.42 12.00 11:38 12.61 

CaO 

Na,O 

K,O 9.38 9.09 8.70 9.40 

Total 95.50 94.51 95.13 94.72 
Structural formula based on 22 oxygen atoms 

Si 5.655 5.612 5.601 5.628 

AL(IV) 2.345 2.388 2.392 2.372 

Fét (IV) _ — 0.006 

AL(VI) 0.064 0.062 — 0.080 

Ti 0.492 0.537 0.587 0.478 

Fe* (VI) 0.307 0.252 0.264 0.241 

Fet 2.481 2.041 2.185 1.950 

Mn 0.069 0.033 0.035 

Mg 2.161 2.723 2.568 2.853 

Ca 

Na 

K 1.842 1.766 1.688 1.820 

Sum Y 5.574 5.617 5.637 5.637 

Sum X 1.842 1.766 1.688 1.820 
Mg/(Mg + Fe?*) 0.47 0.57 0.54 0.59 

Fe* /(Fe?* + Fe?*) =0.11 

(e) Prehnite analyses 

Sample No. A92 A96 A122. G65 
Analysis No. 37 42 252 282 366 383 
SiO, 41.94 41.30 4268 42.01 4245 42.54 
TiO, 0.38 0.52 _ 0.59 0.45 0.39 
Al,O, 19.12 18.76 20.81 19.18 20.36 19.65 
Fe,O,* 737 7.50 5.00 6.00 5.03 5.51 
MnO 

MgO 0.20 0.22 _— 0.36 aa 
CaO 25.76 26.13 26.77 26.17 26.52 26.66 
Na,O 

k,O 

Total 94.77 94.43 95.26 94.31 94.81 94.75 
Structural formula based on 22 oxygen atoms 

Si 5.973 5.925 6.001 5.995 5.999 6.051 
Al 3.209 3.173 3.448 3.226 3.392 3.294 
Ti 0.041 0.056 = 0.063 0.048 0.042 
Fe? * 0.790 0.810 0.529 0.644 0.535 0.590 
Mg 0.043 0.047 — 0.076 = — 
Mn 

Ca 3.931 4.017 4.033 4.002 4.016 4.063 
Na 

K 


*Total iron as Fe,O, 
**Pistacite (Ps) content of epidote = Fe?* /(Fe?* + AI(IV)) x 100 
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(f) Plagioclase analyses 


i aaa UU Ey EE SEIS SEEEISEISEISSEE 


Sample No. A95 A96 

Analysis No. 51 53 55 259 260 261 

SiO, 62.37 65.29 59.17 50.55 55.60 61.06 

Al,O, 24.18 21.84 25.80 31.38 27.96 23.91 

Fe,O — 0.42 0.24 

CaO 5.28 3.10 7.61 14.69 10.42 5.91 

Na,O 8.61 9.55 7.22 3.23 5.54 8.15 

K,O 0.37 0.65 0.22 = 0.24 0.16 

Total 100.81 100.86 = 100.27 99.84 99.76 99.19 

Structural formula based on 8 oxygen atoms 

Si 2.746 2.861 2.638 2.305 2.509 2.733 

Al 1.255 1.128 1.356 1.686 1.487 1.262 

Fe = 0.015 0.009 

Ca 0.249 0.146 0.363 0.718 0.504 0.283 

Na 0.735 0.811 0.624 0.286 0.485 0.707 

K 0.021 0.036 0.013 — 0.014 0.009 

mol. proportions: 

An 24.8 14.7 36.3 715 50.2 28.3 

Ab 73.1 81.7 62.4 28.5 48.4 70.8 

Or 2.1 3.6 1.3 — 1.4 0.9 
en 
Plagioclase analyses 

Sample No. = A113 Al175b G65 

Analysis No. 313 324 325 326 378 380 392 
SiO, 45.09 46.62 55.19 49.58 56.01 64.85 53.32 
ALO, 34.16 34.59 29.06 32.49 26.98 21.74 29.20 
FeO 0.44 0.36 — = 0.33 0.33 0.44 
CaO 18.64 18.21 11.21 15.58 9.64 3.22 11.78 
Na,O 0.80 1.14 5.47 2.57 6.00 9.76 4.54 
K,O : - ; 0.14 0.33 0.11 
Total 99.13 100.91 100.93 100.22 99.09 100.23 99.38 
Structural formula based on 8 oxygen atoms 

Si 2.101 2.128 2.465 2.256 21545 2.858 2.427 
Al 1.876 1.860 1.530 1.743 1.444 J.129 1.567 
Fe 0.017 0.014 = = 0.012 0.012 0.017 
Ca 0.931 0.890 0.537 0.760 0.469 0.152 0.575 
Na 0.072 0.101 0.474 0.227 0.528 0.834 0.401 
K - 0.008 0.019 0.006 
mol. proportions: 

An 92.8 89.8 53.1 77.0 46.7 15.1 58.6 
Ab 72 10.2 46.9 23.0 02:5 83.0 40.8 
Or = 0.8 1.9 0.6 
Plagioclase analyses 

Sample No. P21S 

Analysis No. 399 400 401 

SiO, 52.70 60.20 58.50 

Al,O, 29.83 24.91 26.43 

FeO — 0.54 0.34 

CaO 12.44 7.04 8.64 

Na,O 4.09 7:38 6.30 

K,O 0.13 0.24 0.37 

Total 99.19 100.25 100.57 


Structural formula based on 8 oxygen atoms 


Si 2.402 2.680 2.606 
Al 1.602 1.307 1.387 
Fe — 0.020 0.013 
Ca 0.607 0.336 0.412 
Na 0.362 0.633 0.544 
K 0.008 0.014 0.021 
mol. proportion 

An 62.1 34.2 42.2 
Ab 37.1 64.4 55.7 
Or 0.8 LA 2.1 
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(g) Alkali feldspars 


—————— 


Sample No. A95 A98 

Analysis No. 5(1,r) 6(1,c) 228(1,c) 229(1,c) 230(1,r) 231(2,c) 232(2,r) 
SiO, 65.65 65.81 64.49 65.49 64.95 65.54 65.92 
Al, O, 18.78 19.02 18.84 18.61 18.33 18.75 18.71 
FeO = — = — = — = 
BaO — = LZ a = — a 
CaO 0.25 0.34 = =e = = =a 
Na,O 1.25 2.28 1.50 2:23 0.51 2.53 2.58 
K,O 14.74 13.55 13.82 13.94 15.72 13.80 13.54 
Total 100.66 100.99 99.82 100.28 99.51 100.62 100.74 
Structural formula based on 8 oxygen atoms 

Si 2.994 2.984 2.982 2.995 3.007 2.988 2.995 
Al 1.010 1.016 1.027 1.003 1.000 1.007 1.002 
Fe a = = — = — — 
Ca 0.012 0.017 = = = — 
Na 0.111 0.200 0.134 0.198 0.046 0.223 0.227 
K 0.858 0.784 0.815 0.813 0.928 0.803 0.785 
Ba — ‘—_ 0.021 = = — — 
mol. proportions: 

Or 87.5 78.3 86.2 80.4 95.3 78.3 77.6 
Ab LL3 20.0 13.8 19.6 4.7 21.7 22.4 
An 132 Ls? — = = — _ 


MPA is grateful for the help given and enthusiasm shown by 
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Super-units and rock types of microprobed 


samples 
All3 Early Gabbro A122 Paccho granodiorite 
Al75b Early Gabbro P21S Puscao granodiorite 
A60 Unassigned diorite G65 Santa Rosa granodiorite 
A184 Unassigned tonalite/quartz diorite P3W Puscao tonalite 
A8 Santa Rosa quartz diorite A98 La Mina monzogranite 
A96 La Mina quartz diorite (San Miguel pluton) A95 Santa Rosa monzogranite 
A92 Santa Rosa granodiorite G184 Puscao monzogranite (Tumaray facies) 
A106 La Mina tonalite (Q, Paros pluton) 
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Abancay deflection zone 117-18, 167 
absarokite 37 
Acari mineral deposits 266-7 
Acos Unit 175 
Acquia pluton 22 
Acurquina Formation 7 
ages see dating 
alkali feldspars 97-9, 122, 138, 164-5, 
265 
allanite 165 
alkaline volcanic rocks 37-9 
Almacén mineral deposits 243 
alteration 
haloes 120 
zones 139, 253 
Altiplano, tectonic setting of 4-5, 29, 32 
Ambo Group 33, 37 
Amotape Hills 5, 7, 30 


amphiboles 
as mineral deposits 244, 261, 262-5, 
267, 269 


as rock forming minerals 61, 158-61 
texture 86 
Ancon basic pluton 73 
Andahuasi facies 135-6 
Antamina pluton 22 
apatite 244, 265, 266 
Arequipa Massif 5, 19, 199, 236 
Arequipa Segment 
age, 114-15, 182-91, 203, 205, 206 
chemistry 208-14, 222 
comparison with other segments 112, 
116-18 
evolution and emplacement 174-5, 
236 
geography 22, 93, 108, 208 
mineralization 243-6, 251-3, 260, 
262-8 
petrology 112-14 
structure 115-16 
super-units 98-9, 108-12 
Aricoma batholith 40-4 
arsenopyrite 245, 265 
Asia Formation 262 
Atico complex 31 
Atocongo Formation 7, 74, 194 
Atocongo pluton 191, 204 
Auquish rhythm 111, 115, 119, 120-3 
Ayapata batholith 40-4 
Aynaca granodiorite 130 


back arc basins 13, 57 
(see also marginal basins) 
barium distribution 39, 54, 138, 144, 
214, 221-6 
basalts 
high alumina 52, 86, 88 
high potassium 52, 277 
basic intrusions 
early gabbros 
age 74, 114, 174-5, 191, 204, 
206 
chemistry 83-8 
deformation 78-81 


Index* 


(E indicates reference in Epilogue) 


emplacement 81-2, 88-9, 129, 169 
mineral transformations in 78-81, 
82, 85 
mineralization 244 
occurrence 21, 72-4, 94, 108-11, 
239 
petrology 74-8 
main dyke swarms 
age 96-7, 102-5, 195 
emplacement 106-7 
occurrence 102-5 
petrology 105 
basins (see also marginal basins) 
back arc 13, 57 
sedimentary 6, 7, 8, 47, 49, 60 
batch melting 101, 125, 216, 221, 226, 
240, E 
batholiths see Coastal Batholith, 
Permo-Triassic intrusions 
biotite 
as a mineral deposit 251, 253, 254, 
265 
as a rock-forming mineral 42-3, 160-1 
bismuth ore 245 
Boca del Sapo basic pluton 73 
bornite 258, 265 
Bouguer anomalies 15, 17 
Brazilian Shield 4, 5-6 
Brown Lapilli Tuff Formation 49, 61, 
64 
burial metamorphism 59-67, 262, 
274-5, 276 


Cadena Arara basic pluton 73 
Cajatambo stock 22 
calderas 153-5, 239 
Calderas pluton 182 
Calipuy Volcanic Group 
chemistry 275-80 
location 23, 273 
metamorphism 63 
petrology 274-5 
stratigraphy 62-4, 169, 283 
Camana-Atico gneiss 19-20 
Cafias Unit 
characteristics 96-7 
chemistry 219 
dating results 95, 205, 206 
emplacement 129, 130, 169, 175 
geography 94 
intrusion modelling 228-9, 231-2 
Cancafiri Formation 31 
Cafete Basin 
history 7, 8, 9, 261-2 
magmatism 21, 73, 168 
Canto Grande basic pluton 73 
Capto basic pluton 73 
Carabaya, Cordillera de 39-44 
carbon isotopes in hydrothermal 
studies 254-5 
Carboniferous sediments 33 
Carhuaz Formation 7 
Carhuish stock 22 
Casapalca Formation 9 


*Compiled by H. Davies 


Casma Group Volcanics 
chemistry 53-6, 64-5 
location 7, 48 
metamorphism 63, 64 
mineralogy 63 
stratigraphy 48, 49-50, 62 
tectonic setting 65, 103, 169 
Casma plutonic complex 94, 168 
Catahuasi Super-Unit 175, 189, 198 
cauldron subsidence 130 et seq., 169 
Celendin Formation 7 
Cenozoic magmatism 
intrusives 22-3, 95, 196-7 
volcanics 23, 273-4 
centred complexes see ring complexes 
Cerro Chaupi Jirca 22 
Cerro Cuevas 104-5 
Cerro de Pasco 22, 175 
Cerro Puca Jirca 104-5 
Cerro Tortuga 73, 80 
Cerro Verde 176, 205, 206, 251 
chalcopyrite deposits 244, 258, 262-5, 
267 
Chancay basic pluton 73 
Characas monzogranite 109, 112 
Charcani gneiss 236, 251 
Chavin Basin 7, 9, 10, 157 
chemical analyses (see also Appendices) 
Arequipa Segment 208-14, 222 
basic intrusives 83-8 
Cenozoic volcanics 275-80 
Lima Segment 215-19, 222 
Mesozoic volcanics 50-3, 53-6, 64-5 
Permo-Trias 
intrusives 39-44 
volcanics 38-9 
Trujillo Segment 214-15, 222 
Chicana Formation 7, 9 
Chilca Formation 262, 263 
Chilean batholiths compared E 
Chimu Formation 7 
Chiquero Formation 261 
chlorite 64, 265 
Chocolate Formation 7, 251 
Chonta pluton 22 
Chosica plutons 73, 168 
Chota Formation 9 
Chulec Formation 7 
Churin stock 22, 175 
Cienguilla basic pluton 73, 78, 82 
Cincha-Lluta fault 11 
Cinco Cruz mineral deposits 243 
Coasa batholith 37, 40-4 
Coastal batholith 
see also under named segments, 
see also dating 
characteristics 94-100, 112 
deformation 78-81, 115, 116, 171-4 
emplacement modelling 115, 116, 
130-4, 168-9, 226-7, 239-40, E 
fracture control 114, 130, 134, 168-71 
lineament 22, 93, 167-8, 239 
magma-tectonic cycles 116, 174-6, 
239, E* 


325 


INDEX 


mineralogy 156-66 
petrology 96-9, 112 
segmentation 21-3, 93, 95-6, 100, 
168, 206, 208 
segments compared 116-17, 
222-4, 248 
spacing of intrusions 168 
structure 115, 120, 129-35, 153, 167-74 
cobalt ores 244 
Cohup pluton 22 
comb structure 86 
Condestable mine see Ratil-Condestable 
Condor mineral deposits 243 
Consuzo pluton 22 
contacts, intrusive relationships 94, 111, 
169, 220, 231 
contact metamorphism 22, 74, 245, 247 
continental margin arcs E 
Copacabana Group 34, 37 
copper deposits 
locations 
Cerro Verde-Santa Rosa 182, 207, 
246, 250-60 
Eliana 244, 265-6 
Marcona 267-8 
Monterrosas 266 
Ratil-Condestable 262-5 
mantos 265 
porphyry 125-6, 246, 248, 250-60 
Cordillera see Eastern and Western 
Cordillera Blanca batholith 22, 23. 175, 
197-8 
Cordillera Blanca fault 47 
corona structures 80 
Corongo pluton 22 
Corralillo facies 193, 194 
crustal contamination of magmas 22, 
43, 181, 184, 186, 189, 199, 235-8, 
282, E 
crustal variations 
extension 7, 9, 21, 44, 57, 207, E 
shortening 10-11 
structure 14, 16, 18 
thickness 7, 10, 66, 73, E 
cubanite 258, 265 
cumulate textures 74, 77-8, 121, 122, 
124, 225 
Cuthay basic pluton 73 


dating 
methods see under named isotopes 
resetting events 101, 114, 181, 185 
results compared 177-202, 206, 207 
segment ages summarized 182, 189, 


197 
deformation, style and timing of 9, 21, 
32, 33, 59 
deformation fabrics 78-81, 115-16, 
171-4 


deflection zones 7, 34, 117, 118, 167 
Devonian sediments 31 
Diabase Formation 4 
differentiation, modelling of 121, 137, 
138, 151, 208, 221-5, 240 
diorites, high-K 124, 126, 209 
discrimination diagrams, basic rocks 38, 
40, 55-6, 277 
displaced terrains see suspect terrains 
ductile shear zones 81 
dykes 
ages 175, 195 
early 50, 73, 81-2 
main swarms 40, 96-7, 102-7, 112, 155 
ring dykes 129, 131, 133, 135 
synplutonic 81, 106, 107, 155 


earthquake wave analysis 15 
Eastern Cordillera 
geography 4, 5-6 
magmatism 20-1, 44 
intrusive 39-44 
volcanic 37-9 
sedimentation and deformation 29-34 
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Eastern stocks 22, 23, 197 emplacement 115, 120 
electrical conductivity of crust 16-17 mineralogy 120-3 
Eliana mineral deposits 243, 244, 265-6 Humaya Unit 
emplacement modelling 129-35 characteristics 94, 96-7, 100, 175 
emplacement, depth of 21, 72, 139, chemistry 218 
152, 154, 220, E dating results 195, 198, 205, 206 
enargite 258 geography 94 
ensialic spreading 58, 60, 66, E Hyaloclastite Formation 49, 50, 64 
Eohercynian tectonic episode 19, 32 hybridization 136-9, 143-6, 209 
episodic melting E hydrothermal activity 253-5 
europium anomaly 210, 213-19, 278, hydrothermal brines, fluids 126, 254 
279 hydrothermal vein deposits 244, 245, 262 
exotic terrdins see suspect terrains 
extensional tectonics 7, 117, 207, E I-type granitoids 24, 41, 240, E 
(see also crustal extension) Ica plutonic complex 168 


ilmenite 40, 265 
ilmenite-magnetite series 40 
Ilo Super-unit 

age 179-80, 190, 206 


Farrat Formation 7 

faults, resurgent 22, 169, 226 
faults and megashears_ 6, E 
feldspars _ see alkali, plagioclase 


fluid inclusion analysis 122-3, 246-9, _ ae Vee 
255-8 imbricate zones 10 


flysch 19, 30, 33 Imperial Group 7 
Incahuasi super-unit 


foreland thrusting 10 mes 
characteristics 98-9, 110, 174-5 


Fortaleza plutonic complex 


acid intrusives 94, 128, 168, 170, chemistry 210-13, 220, 238 
174-6 dating results 114, 185-8, 189, 190, 
basic intrusives 73, 104-5 198, 206 
fractionation models differentiation 222-4 
intrusive 41-2, 137, 138, 151, 208, emplacement 111-12 
219-21, 221-5, 226-7 geography 109 
volcanic 280, 282, 283 mineralization 246, 251 
fracture systems 130, 134, 168-9, 170, modal analysis 113 
251 Incaic tectonic episode 9, 175 
initial °’Sr/*°Sr ratios 125, 126, 177-202 
gabbros _ see basic intrusions iron ores 244, 261-70 
galena 245, 258, 265 island arcs E 
geochemistry see chemistry isotopic analyses 
geophysical studies 13-18 see under individual elements 
geothermal gradient 58, 61, 66 
gersdorffite 265 Jahuay granite 190, 251 
gold 244, 245, 265 Jecuan Super-unit 
granite magma 239, 240 characteristics 95, 96-7, 100, 174 
granite typology 20, 24-5, 40, 41, 43, dating results 191-2, 198, 205, 206 
240, E geography 94 
granites Jumasha Formation 7 
Eastern Cordillera 39-44 
Western Cordillera La Caldera intrusive complex 250, 251 
see under named plutons La Mina Super-unit 
granitoids, nomenclature 74, 113, characteristics 95, 96-7, 100, 175 
Map 1 reverse chemistry 219 
granophyric texture 165 dating results 176, 195, 198, 205, 206 
granuloblastic fabric 80 differentiation 222, 223 
gravity, regional gradients in 17-18 geography 94, 130 
gravity surveys 13, 17, 18, 58, 155 Lachy granodiorite 74 
Green Agglomerate Formation 49, 50, Laderas pluton 190, 251 
61, 64 lawsonite 61, 63 
Guayaquil-Romeral fault 4, E layering in cumulates 77-78 
lead 
heat flow 13, 61, 239 in dating see uranium-lead 
Hercynian deformation isotope concentrations 124, 125, 
early 32-4 235-7 
late 34, 37 ores 245, 258, 265 
Herradura Formation 7 Lima Segment 
Huachoc mineral deposits 243 age 191-8, 203, 204-6 
Huampi Piruroc granodiorite 169 chemistry 215-19, 222 
Huancabamba deflection zone 7, 167 comparison with other segments 112, 
Huaral basic plutonic complex 73, 74, 116-18 
80, 82, 205 evolution and emplacement 115, 
Huaricanga facies 173, 174-5, 194 174-5, 236-7 
Huarmey Basin 7, 8, 9, 21, 48, 57 geography 94, 208 
Huaura plutonic complex mineralization 248 
age 176, 193, 197 super-units 96-7 
chemistry 135-139, 143-146, 218, 219 Limbari batholith 37, 40-4 
emplacement 130-5 Linga (Arequipa) Super-unit 
fracture controls 170-1 characteristics 98-9, 250 
gravity data 155 dating 100, 180-1, 190, 250 
geography 94, 128, 168 Linga (Ica) Super-unit 
relation to dykes 104 characteristics 98-9, 110, 174-5 
structure 129-30 chemistry 124-5, 209-10, 220, 238 
Humay rhythm dating results 100, 114, 182-4, 198, 
composition 111, 119 205, 206 


emplacement 111 
geography 109 
metasomatism 120 
mineralization 120-3, 251, 252 
modal analysis 113 
structure 120 

Llaclla pluton 22 

Los Leones basic pluton 73 

Los Pinos mineral deposit 243 

low velocity zones 14-15 

Lurin basic pluton 73, 74, 82 

luzonite 258 


Moho discontinuity 15, 17 
mackinawite 258, 265 
Magellanes basin 8 
magma 
hybridization 136-9, 146, 209 
mixing 107, 140, 143-7, 184, 219, E 
Puscao granodiorite model 147-53 
Puscao ring dyke model 140-7 
quenching 135-8, 218 
sources 24, 43, 44, 56, 57, 117, 
125-6, 189, 191, 198, 199, 200, 
226-7, 235, 237, 238, 240, 281, 
283, 284 
magma chamber, processes in 139, 151, 
153, 165, 221, 233, 240, 284 
magma-tectonic cycles 21, 59-60, 116, 
175-6, 239, E 
magma revolution 8, 39-43, 123-4, 125, 
126, 145, 150, 208, 221-7, 240, 251 
crystallization models, granitoids 42, 
137-40, 211-4, 219-21, 224-5, 
233-4, 240 
crystallization models, basic rocks 37, 
55-7, 88, 280, 282, 283 
time of evolution of rock suite 179, E 
magmatism 
migration of foci 95, 189, 198, 239, E 
periodicity 198 
(see also plutonic episodes) 
magnetic anomalies 13 
magnetite deposits 165, 224, 261, 262-7 
major element modelling 144, 224-5 
Mala basic pluton 73, 82 
mantle diapirism 66 
Maranon Geanticline 167 
Maranon metamorphic complex 5, 10 
marcasite 265 
Mareavilca Formation 7 
Marcona Formation 261 
Marcona mineral deposits 267-8 
marginal basins 7, 19, 47, 48, 60, 65, 
66, 239, E 
melnicovite 265 
melt cells 176, 240 
metallogenesis 243-9, 260, E 
(see also mineral deposits) 
metamorphism 
burial 50, 59-67, 262 
contact 22-3, 74, 115, 172, 239, 245 
metasomatism 120, 125, 244 
micas (see also biotite) 
hydrothermal alteration of 253-4 
mineral deposits 
description 23, 112, 114, 182, 243-4, 
253, 262-9, E 
(See also hydrothermal vein deposits) 
location 
Acari 244, 266-7 
Cerro Verde/Santa Rosa 250-60 
Eliana 244, 265-6 
Huaura-Ica 246-9 
Marcona 267-8 
Monterrosas 244, 266 
Palpa-Ocofa 245-6 
Ratil-Condestable 262-5 
strata-bound 262 
zoning of 253 
Mississippian sediments 33 
Mitu Group 6, 34, 37-9, 40, 44 
Mochica (Subhercynian) tectonic 
episode 60, 95, 175 


modal analyses (see also Map 1 reverse) 
Arequipa segment 112-13, 209 
Lima segment 215 
Trujillo segment 214 
Moho depth 15, 17 
molasse 6, 33, 34 
Mollendo gneiss 236 
molybdenite deposits 245, 258, 265 
Monterrosas mineral deposits 243, 244, 
266 
Moro pluton 193, 194 
Morro Solar Group 7, 262, 263 
Murco Formation 7 
Muerequeque mineral deposits 243, 244 
myrmekite 165 


Nazca plate subduction 11-12, 13-14, 
17-18, 117-18, E 

neodymium isotopes (€Nd) 126, 182, 
191 

Nepefia Super-unit 96-7 

net veining 84, 142 


ocellar texture 143, 148 
Ollantaytambo Series 30 
Olleria basic pluton 73 
ophiolites 66 
ore deposits (see also under named ores) 
origin of 126, 238, 243-4, 260, 270 
orbicular structures 78 
Ordovician sediments 30-1 
orogene curve 124 
orogenic phases 
Araucanian 60 
Eohercynian 19, 32 
Incaic 8, 9, 175 
Mochica (Subhercynian) 19, 60, 95, 
175. 
Quechua 95, 175 
Tardihercynian 6, 19, 34, 37 
Outer Shelf High 5 
oxygen isotopes 5'%O 
hydrothermal studies 254-5 
relationship to Sr; 199 
whole rock analyses 126, 200 


Paccho Super-unit 
characteristics 96-7 
chemistry 215-6 
dating results 95, 100, 101, 192, 198, 
206 
emplacements 169, 174-5 
geography 94 
gravity anomaly 155 
Pampahuasi Super-unit 
characteristics 98-9, 110 
chemistry 208-9 
dating results 100, 114, 184, 198, 
205, 206 
emplacements 111, 174-5 
geography 109 
modal analysis 113 
Pamplona Formation 7, 184 
Pangea reconstruction 3 
Pariacoto unit 
age 175, 196, 198 
chemistry 219 
Pariahuanca Formation 7 
Pariatambo Formation 7, 9 
partial melting, role of 
(see also batch melting) 
44, 208, 240, E 
Patagonian batholith compared E 
Patap gabbro 
see basic intrusions, early gabbros 
Pativilca Unit 
characteristics 96-7 
dating results 95, 100, 196, 198, 205, 
206 
geography 94 
Peninsular Ranges batholith compared 
E 


Pennsylvanian sediments 33 


INDEX 


peralkaline volcanic rocks 37, 38 
Permo-Trias 
magmatism 24 
intrusives 20-1, 39-44 
volcanics 20, 37-9 
sediments 33-4, 37 
phengites 253-4 
phyllic zone 253 
Pillow Lava Formation 49, 50, 64 
pillow lavas 102 
Pion basalts 4 
Pisco-Abancay deflection 167 
Piura Segment 208 
plagioclase feldspars 
calcic cores 120, 137, 151, 162-3, 
165, E 
composition 40, 97-9, 120, 274 
zoning 161-2, 251 
plate tectonic setting 3-4, 11-12, 13-14, 
44, 60, 117-18, 227, E 
pluton defined 94 
pluton, cryptic variation in 228 
plutons, named see Maps 1 & 2, reverse 
plutonic complex defined 94, 168 
plutonic episodes 19, 115, 118, 175, 198 
plutonic lineament 22, 168, 226, 239 
plutonic-volcanic interface 22, 153, 154, 
239, 274, 281, 284 
porphyry-copper deposits 23, 125-6, 
234, 246, 248, 250-60 
potassium, regional variation 118 
potassium-argon dating 177-8 
Arequipa Segment 114-15, 182-9 
Lima Segment 176, 191-7 
Toquepala Segment 179-82 
potassium feldspar see alkali feldspar 
prehnite 165, 265 
propylitic zone 253 
Puenta Piedra Group 7 
chemistry 50-6 
metamorphism 62 
mineralogy 48-9 
pulse defined 94, 111, 219 
pumpellyite 61, 63, 165 
Punta Coles Super-unit 98-9, 179 
Purmacana pluton 192-3 
Puscao Super-unit 
characteristics 96-7 
chemistry 143-5, 149-51, 219, 220, 
222-3 
dating results 95, 100, 175, 195-6, 
205, 206 
emplacements 129-30, 131-3, 169 
geography 94, 105 
intrusion models 145-7, 151-3, 228, 
234 
petrology 140-3, 147-9, 166 
relation to dykes 105, 107 
pyrite 245, 258, 265 
pyroxenes 
as mineral deposits 265, 266, 269 
as rock-forming minerals 121, 156-8, 
274 
pyrrhotite 258, 265 


Quebrada Cauthuy Grande intrusion 
172-3 

Quebrada El Carmen dykes 106-7 

Quebrada Paros 94, 128 

Quechua tectonic episode 95, 175 

Quilmana pluton 184-5 


rare earth element analysis 
Arequipa Segment 124, 210, 252, 267 
Cenozoic volcanics 278-80 
Lima Segment 145, 146, 215 
Mesozoic volcanics 52-3, 66 
Permo-Triassic granites 42 
use in differentiation modelling 52-5, 
125, 145-50, 222-4 
Ratil-Condestable mineral deposits 243, 
244, 262-5 
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regression surface techniques 231-2 
replacement textures 263-5, 266, 267, 
268 
Rescate mineral deposits 243 
rift environments 20, 34, 36-7, 44 
Rinconada rhythm 
composition 111, 119 
emplacement 115, 120 
mineralogy 120-3 
ring complexes 
case studies see Huaura, Puscao 
emplacement models and mechanisms 
129-30, 134-5, 146-7, 151-3 
geography 128-9, 273 
relations to other intrusives 95, 129, 
153-5, 284 
ring dykes 129, 131, 133, 135 
Rio Chancay centre 128 
Rio Grande Formation 7, 62, 127, 267 
Rio Supe complex 176 
Romeral Fault E 
rubidium fractionation trends 41-2, 124, 
138, 211, 214-8 
rubidium-strontium dating 
Arequipa Segment 182-91 
Lima Segment 191-7 
Toquepala Segment 179-82 
rutile 265 


S-type granitoids 24, 41, E 
salinity in fluid inclusions 122, 248 
Samfrau geosyncline 3 
San Jerénimo Super-unit 
characteristics 96-7 
chemistry 218-19, 220 
dating results 95, 100, 175, 176, 198, 
205, 206 
emplacements 129-30, 131, 169 
geography 94 
intrusion model 139-40, 146 
petrology 135-9 
relation to dykes 105 
San Juan Formation 261 
San Judas Tadeo stock 39 
San Miguel pluton 106 
San Nicolas granodiorite (batholith) 
19-20, 31, 261 
San Pedro Unit 205, 206 
Santa Catalina Formation 184 
Santa Eulalia pluton 193-4, 205, 206 
Santa Formation 7 
Santa Lucia basic pluton 73 
Santa Rosa Super-unit 
characteristics 96-7 
chemistry 216-18 
dating results 95, 100, 192-5, 198, 
205, 206 
emplacement 169, 172, 174-5 
geography 94 
gravity anomaly 155 
magma differentiation modelling 84, 
103-7 
mineralization 250-60 
relation to other intrusives 84, 103-7 
Santo del Fraile Formation 7 
Sayan Super-unit 
characteristics 96-7 
chemistry 219 
dating results 95, 100, 198, 205, 206 
emplacement 129, 130, 198, 205, 206 
geography 94 
scapolite 244, 265, 269-70 
scheelite 245 
sea-floor spreading 14, 21, 116, 118, 
175, 198, 239, E 
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sedimentary basins 
see basins, marginal basins 
sedimentary rocks of Eastern Cordillera 
29-31, 33-4 
segment, defined 95-100, 240 
seismic refraction surveys 13, 14-15 
seismic surface wave analysis 13, 15 
Sefial Blanca Super-unit 
characteristics 98-9 
chemistry 214-15 
geography 128 
magma differentiation modelling 222, 
223 
shear zones 173 
Sierra Nevada batholith compared 18, 
E 
Silurian sediments 31 
silver deposits 244 
Socosani Formation 251 
specularite deposits 244 
sphalerite 245, 258, 265 
sphene 244, 265 
stocks, Eastern 22, 23, 197 
strontium 
fractionation trends 41-2, 124, 138, 
211, 214-8 
in dating see rubidium-strontium 
initial °’Sr/*Sr ratio 38-9, 125, 126, 
177-202 
structural revolution 9 
subduction 3, 10, 11-12, 13-14, 21, 60, 
117-18, 198, E 
Subhercynian (Mochica) tectonic episode 
60, 95, 175 
subsolidus recrystallization 78-81 
sulphur isotopes in mineralization 
258-60 
super-unit’ 
defined 94-5 
discussed 100-1, 177, 200, 208, 240, 
E 
Surco Unit 175, 198 
surge, defined 94, 111 
suspect terrains 4, 5, 34, E 
synplutonic dykes see dykes, main 


Tambo Super-unit 251 
Tapococha axis 47 
Tardihercynian tectonic episode 19, 34, 37 
Tarma Group 33, 37 
tectonic episodes see orogenic phases 
temperature studies on fluid inclusions 
248, 255 
tennantite 258 
Tentadora-Rescate mineral deposits 243 
tetrahedrite 265 
thermal aureoles 22, 74 
thermogravitational diffusion 233-4 
thrust belt 10, 32, 35 
Tiabaya super-unit 
characteristics 98-9 
chemistry 213-14, 238 
dating results 100, 114, 175, 188-9, 
198, 205, 206 
geography 94, 109 
magma differentiation modelling 
220-3 
mineralization 245, 246, 251, 252 
modal analysis 113 
petrology 110, 112 
Ticopampa stock 22 
Toquepala Segment 
age 179-82, 198, 203, 205, 206 
mineralization 246 
super-units 98-9 


Torconta pluton 190 
tourmaline deposits 122, 244, 265 
trace element analysis 
Arequipa Segment 208-13 
Cenozoic volcanics 277-8 
Lima Segment 215-19 
Mesozoic volcanics 52 
Permo-Triassic granites 42 
Trujillo Segment 214-15 
Triassic 
see Permo-Trias 
Trujillo Segment 
characteristics 98-9 
chemistry 214-15, 222 
geography 208 
mineralization 248 
Tuff Formation 49, 50, 64 
tuffisite 84, 112, 120, 153, 169, 239 
Tumaray pluton 165-6, 195-6 
tungsten deposits 245 


unit, plutonic, defined 94, 177, 240 
uranium-lead dating 
method 203-4 
results 
Arequipa Segment 205, 206 
Lima Segment 204-6 
Toquepala Segment 205, 206 


volatile phases 
acid intrusives 83-5, 88, 119, 122-3, 
139, 140, 160 
basic intrusives 83-5 
volcanic arc 6, 11, 21, 277, E 
volcanic-plutonic interface 22, 153, 154, 
239, 273-4, 281, 284 
volcanic rocks, types 38, 39, 48, 49, 
50-2, 56-7, 66, 277, 281 
chemistry 38, 39, 50-5, 57, 64-5, 
275-84 
lithologies 6, 37, 49, 62, 102-3, 274-5 
volcanism 
Cenozoic see Calipuy Group 
Mesozoic 
see Casma Group, Puente 
Piedra Group 
Permo-Triassic 
see Mitu Group 


wairakite 61 
Western Cordillera 
(see also under named segments) 
geography 4 
history 6-11 
magmatism 
intrusives 21-3 
volcanics 23-4 
Western Peruvian Trough 6-8, 60-1 


xenoliths, origin of 106, 120, 140, 149, 
150, 154 


Yarabamba super-unit 
characteristics 98-9 
dating results 100, 176, 180-1, 190, 
198, 205, 206 
mineralization 251, 252 
Yura Group 7, 246, 251 


Zapla Formation 31 

zinc 245 

zircons in dating 235-8 

zoning, in plagioclase 161-4, 251 

zoning, in plutons 219, 221, 228, 231-4, 
240 


